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ABSTRACT 


The relations of shear stress 7 to shear rate D for low molecular weight polyiso- 
butylenes dissolved in cyclohexane were studied in a coaxial cylinder viscometer. 
Flow curves of 7 vs. D were found invariably to be typical of pseudoplastic fluids, 
without dependency on time of shear, and were well correlated by empirical equations 
of the form: 7 = bD*, wherein b and s are experimental constants depending on 
concentration C and temperature 7’. It is shown that ln 6 is linear in +/C and in 
1/T. The correspondence of b as a measure of anomalous flow with viscosity 7 (defined 
as +r = 7D) for Newtonian flow is suggested. For a pseudoplastic fluid whose shear 
stress-shear rate relation can be described mathematically as 7 = bD*, an equation 
is derived to relate volumetric flow rate through a straight tube to pressure gradient, 
for conditions of laminar flow. This equation is similar in form to the Hagen-Poiseuille 
formula for flow of Newtonian fluids. Tube-flow experiments with pseudoplastic 
fluids in tubes are described which confirm the validity of the equation. 


INTRODUCTION 


In numerous studies reported in the literature on the relation of vis- 
cosity to the temperature, concentration, and molecular weight of polymer 
solutions, the polyisobutylenes have been examined in particular be- 
cause of their stability and relative ease of characterization. Usually these 
studies have been conducted under conditions of low concentration or 
low rate of shear, or both at once, in order to assure Newtonian flow. 
Under such conditions of measurement, whereby the solution viscosity 
and also the relative and intrinsic viscosity are not functions of rate of 
shear, the evaluation of high polymer configuration has met with sub- 
stantial success. 

In the studies described in this article, solutions of low molecular weight 
dissolved in cyclohexane, having substantial concentration, were tested in 
a coaxial cylinder viscometer for the shear stress-shear rate relation over 
a range of shear rates up to 6000 reciprocal seconds or more. This relation 
was found to be characteristic of that type of non-Newtonian flow called 
pseudoplasticity. These pseudoplastic curves have been fitted with good 
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precision by a simple empirical equation of the form 7 = 6D", wherein T 
is shear stress, D is shear rate, and b and s are experimentally determined 
constants. Although equations of this form have been criticized for not 
contributing to the understanding of the basic molecular mechanics of 
the fluid and for not yielding any term that has the dimensions of vis- 
cosity, they may serve a useful purpose in providing an accurate mathe- 
matical description of the shear stress-shear rate relation of a fluid, by 
which at least elementary cases of flow may be calculated. 

This paper is accordingly divided into two parts. In the first part the 
basic shear stress-shear rate relations were determined for low molecular 
weight polyisobutylene in cyclohexane, as functions of temperature and 
concentration. The resulting experimental curves were then fitted by 
empirical equations of the form 7 = bD*, and the variations of b and s 
with temperature and concentration were correlated. 

In the second part, a general equation is derived for predicting the flow 
rate-pressure gradient relation in straight tubes of circular cross section, 
for a fluid in laminar flow that obeys the empirical relation: r = bD”. 
The equation was verified by experiments on two different pseudoplastic 
fluids that follow the relation + = bD*, one of them being polyisobutylene 
in cyclohexane, the other ammonium alginate in water. 


Part I: ViscoMETRY AND CORRELATION OF POLYISOBUTYLENE SOLUTIONS 
Experimental 


Solutions were prepared for viscometry by weighing out in aluminum foil dishes 
samples of the commercial polyisobutylene investigated, viz., grade LMH of the 
Knjay Corp., which has a viscosity-average molecular weight of 80,000 as reported 
by the manufacturer. The polymer in its dish was placed in a screw cap jar, and the 
desired amount of cyclohexane was weighed in. The jar was then sealed with the 
screw cap, provided with a Vinylite-coated paper gasket. Additionally, to insure 
against solvent loss, the neck and cap of the jar were painted with collodion solution. 
The jar and its contents were shaken in a bottle shaker until an apparently ho- 
mogeneous solution was obtained, and the solution was then stored in the sealed jar 
until the viscometric test was made. The aluminum weighing dish was allowed to 
remain in the jar. Periodic checks confirmed constancy of weight and thus of original 
concentration. 

The coaxial cylinder viscometer used for these tests (1) is an improved model of 
an earlier type (2). The distinguishing features of the earlier viscometer, viz., small 
annular clearance (0.006 in.) between mechanically aligned cylinders, the measure- 
ment of shear stress and shear rate as essentially point values, and pressure injection 
of test fluid, have been retained in the model used in these experiments. In the present 
viscometer, temperature control has been substantially improved by providing both 
the inner cylinder (the rotor) and the outer cylinder (the stator) with closed water 
channels just beneath the shearing surfaces, through which a continuous supply of 
water is pumped under pressure from a thermostatic bath controlled to +0.2°C. 


The fluid under tést in the annular space is thereby maintained at a substantially 
uniform temperature. 
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Viscometric Results and Correlation of Shear Stress versus 
Shear Rate 


The solutions of the LMH polyisobutylene in cyclohexane examined in 
this study were in concentrations of 10.0%, 15.0%, 20.0%, and 25.0% by 
20 
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Fig. 1. Linear scale plots of shear stress 7 vs. shear rate D for various weight % 
concentrations of LMH polyisobutylene in cyclohexane. 
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Fra. 2. Log-log plots of shear stress 7 vs. shear rate D for different wt. % 
concentrations of LMH polyisobutylene in cyclohexane at 20°C. 
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weight, all of which were tested at 20°C. In addition, the 20% and 25% 
solutions were tested at 10°, 30°, and 40°C. 

Except for the 10% solution, which was nearly Newtonian, all other 
solutions showed the anomalous curves of stress versus shear rate (7 vs. 
D) commonly called pseudoplastic, i.e., curves in which the apparent 
viscosity 7, defined as 7/D, decreased with increasing gradient, but for 
which no detectable yield value existed. Further, these curves showed no 
time-dependency (thixotropy), i.e., no change of shear stress with dura- 
tion of shear at a constant shear rate. The 7 versus D curves obtained as 
shear rute was increased from zero to the maximum value, were identical 
with those obtained as gradient was decreased from the maximum to zero. 

It was found that as concentration of the LMH solutions increased, the 
7 versus D curves measured at a constant temperature of 20°C. showed 
increasing pseudoplastic curvature, as will be seen from the linear scale 
plots in Fig. 1. 

As has been suggested by previous workers on other polymeric systems, 
for example, Alfrey (3), Weltmann (4), and Grodde (5), an empirical 
equation of the form 7 = bD* or its equivalent (wherein 6 and s are ex- 
perimentally determined values), may sometimes be fitted to the flow 
curves of high polymer solutions. In the present study this type of corre- 
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Fic. 38. Log-log plots of shear stress 7 vs. shear rate D for two concentrations of 
LMH polyisobutylene in cyclohexane for different temperatures. 
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TABLE I 
Values of the Experimental Constants in the Equation: r = bD® 
Polymer Conc., g/100 g. Temp., °C. b Ss 
LMH 10 0.185 1.0 
15 20 0.848 0.94 
20 3.4 0.90 
25 LAG 0.85 
LMH 10 6.75 0.85 
20 20 3.40 0.90 
30 1.87 0.95 
40 1.00 0.985 


lation has been found to be notably successful. The experimental values 
of 7 vs. D for all concentration studies and all temperature studies have 
been plotted logarithmically in Figs. 2 and 3. It will be noted that straight 
lines result, whose slopes give the values of s in the empirical equation 
cited. Once s is determined, the coefficient b is then calculable as any ex- 
perimental value of 7 divided by corresponding D raised to the s power. 
Table I presents values of 6 and s, determined from Fig. 2, for all the solu- 
tions herein examined. Equations of the form 7 = bD* will be seen to fit 
the data both for temperature variation at constant concentration and 
for variation in concentration at constant temperature. 


Concentration Effects 


Previous investigators, among them Alfrey (3), have suggested a linear 
relation between the logarithm of viscosity and the square root of poly- 
mer concentration on a weight basis, for Newtonian fluids. When, how- 
ever, the concentration of polymer is higher, and in particular, the rates 
of shear imposed on the solution are of the order of magnitude of thou- 
sands of reciprocal seconds, as in the present study, non-Newtonian 7 — D 
curves result. Viscosity then is a function of the rate of shear, so that the 
value of n(D) to be used in a correlation of In 7 vs. ~/C becomes a problem. 

In the present study of LMH polyisobutylene solutions in cyclohexane, 
it was found that a general correlation of isothermal flow properties with 
respect to concentration of solution was achieved by plotting In 6 vs. V/C, 
wherein b = 7/D*, instead of In vs. ~/C. The coefficient b in this equa- 
tion is independent of shear rate D, though it no longer has the dimen- 
sions of viscosity. This is shown as curve 1 of Fig. 4. 


Temperature Effects 


In the same way that the linear correlation of In 6 with /C in the 
realm of pseudoplastic flow appears to be the counterpart of In 7 versus 
4/C in Newtonian flow, the flow properties of the LMH solutions at a 
constant concentration were found to be influenced by temperature in 
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Fre. 4. Correlation of In b with 1/@ and with 1/7. Curve 1: In b vs. /C, LMH - 
solutions at 20°C. Curve 2: In b vs. 1/T, 20% LMH. Curve 3: In b vs. 1/7, 25% LMH 


such a way that a plot of In b vs. 1/7 yields a straight line, whereas in 
the domain of Newtonian flow, In 7 is linear in 1/7’. This relation is shown 


as curves 2 and 3 of Fig. 4 for 20% and 25% (by weight) solutions of 
LMH in cyclohexane. 


Part IT: Equation ror Laminar FLow In Straigur TuBes oF Crrcu- 
LAR Cross SECTION, AND EXPERIMENTAL VERIFICATION 


Derivation of the General Equation 


Consider a straight tube of circular cross section, in which a liquid is 
flowing isothermally, in steady state, and in laminar flow. Let the section 
for analysis be sufficiently removed from the inlet so that the boundary 
layers have met at the axis and have produced a stable velocity profile. 

Consider as the system for analysis a cylindrical control volume coaxial 
with the tube, having a length AL and a radius r. The radius r may be 
varied from zero at the axis to the inside tube radius rw. Steady-state 


flow requires a balance of forces in the flow direction on the cylindrical 
control volume such that 


—AP-ar = 7: 2nrAL, [1] 
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where AP = pressure drop across the length AL, 
= radius of element, 
AL = length of element, and 
7 = shear stress. 

In the conventional Hagen-Poiseuille development for a Newtonian 
fluid, the Newtonian equation + = »(dV/dr), where 7 = viscosity and 
dV/dr = velocity gradient or shear rate (elsewhere called D), is substi- 
tuted in Eq. [1], and integration proceeds to give expressions for point 
velocity V as a function of 7, and for total volumetric flow rate Q, as: 


3 


ips —AP/AL peor I, [2] 
2n 
n 


In the case of a pseudoplastic fluid that follows the empirical relation 
t = b(dV/dr)’, substitution of this relation into Eq. [1] followed by in- 
tegration will yield 


—AP/AL l/s To avn me 
A ( 2 ) 7s lee id] 
rs rg aa) 1/s+3 
oa WHE (= con® 5] 


Equations [4] and [2] become identical, and Eqs. [5] and [3] become 
identical, as s > 1 and b — 7, 1.e., as the pseudoplastic fluid approaches 
Newtonian behavior. 

The experiments described below relate to the verification of Eq. [5] 
by the measurement of —AP/AL as a function of Q for three different 
values of r,, and for two different pseudoplastic fluids, for which the values 
of b and s were previously determined in the coaxial cylinder viscometer. 


EXPERIMENTAL 


As the. polyisobutylene solutions in cyclohexane referred to in Part I show a 
relatively limited variation in b and s, it was decided that for the verification of 
Eq. [5] a more conclusive proof would be had if a pseudoplastic fluid having markedly 
different values of b and s from those of the polyisobutylene solutions was also tried. 
Consequently, two different polymer solutions were prepared: (1) a nominal 23 wt. % 
solution of LMH polyisobutylene in cyclohexane, for which b and s were found to be 
on the average 3.5 and 0.9, respectively; (2) a nominal 3 wt. % aqueous solution of 
ammonium alginate, for which b and s averaged 125 and 0.47, respectively. Each of 
these solutions was made up in a single 4-gal. batch, the solvent and polymer being 
paddled for at least 24 hours, until homogeneity was achieved. 

The experimental arrangement for testing is illustrated schematically in Fig. 5. 
A Hycar-lined Moyno 3L2 pump driven by a U. 8. Varidrive No. 4500 34 h.p. unit 
was used to control flow rate. This combination was chosen because the Moyno 
pump is slip-free in the pressure range of interest, and the flow rate is thus linear in 


8 EDWARD W. MERRILL 


THERMOMETER 
IN WELL A 


TEST SECTION 
¢ TUBE A,B, ORC 
t 


aA = Be {= 


4 MANOMETER 
f= B 
5 GAL. STORAGE 
TANK 
A.C. TACHOMETER 
GENERATOR f 2 
CH. = pe 
A A 
(hoes Ga SSE ) 
Neti deme 
= a Lat > 
S7 a (| MOYNO 
: 3L2 PUMP 
VOLTMETER | 
H 
| | es VARIABLE 
CHAIN AND yu SPEED DRIVE 
SPROCKET 
ORIVE ee 


Fra. 5. Schematic diagram showing arrangement of apparatus for 
tube-flow experiments. 


pump r.p.m. The Moyno pump is also essentially pulse-free—a necessity with respect 
to accurate manometer reading. The Varidrive unit was so overpowered for the 
average load of these experiments that once set at a given speed, the speed was 
unaffected by changes in pumping pressure and the like. 

The test section consisted of a 6-ft. length of straight tube, through which the 
fluid was pumped at a preselected constant rate. Three tube diameters were used: 
A, 0.463 cm.; B, 0.709 cm.; C, 1.395 em. Pressure taps were installed with a spacing 
convenient for reading by a mercury U-tube manometer. The first pressure tap was 
located at least 70 diameters downstream from the inlet end of the tube, to minimize 
the end effect. In every run the fluid under test in the straight pipe was allowed to fill 
both arms of the manometer as a supernatant fluid above the mercury, with no air 
space. 

Prior to runs with the pseudoplastic fluids, the pump throughput was calibrated 
as a function of r.p.m. with a Newtonian fluid, viz., aqueous solution of glucose having 
a viscosity of 2.43 poises at 25°C., the temperature of calibration. The rotor speed of 
the pump was measured with an accuracy of +14% by an a.-c. tachometer generator, 
geared directly to the input shaft, and a suitable voltmeter. The pump was found 
to deliver 9.37 em. per revolution, and thus a plot of flow in cubic centimeters per 
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second versus tachometer voltage was obtained. The Newtonian glucose solution 
was pumped through the system at various flow rates, with each of tubes A, B, and 
C’, and the pressure drop was measured. Concordance with the Hagen-Poiseuille law 
(Eq. [3]) was found, and thus the pump calibration, tube measurements, and the like 
were verified. The temperature of the test section tube was not controlled. Instead, 
the runs were all made at ambient room temperature with actual temperature of the 
effluent from the test section noted for each run. Owing to the large volume of holdup 
in the storage tank, the relatively low amount of energy dissipation in the fluids, 
and the essentially uniform temperature of all the apparatus, the fluid, and the 
ambient air before a run, the maximum variation in temperature for any series of 
runs with a given tube diameter was +1°C. around a mean value, which was in the 
vicinity of 25°C. For each run, the manometer and the thermometer were read 
simultaneously. Owing to the proximity of the two, it is believed that the reported 
temperatures correspond closely to the temperature of the fluid as it passed the 
manometer. 


Results 


The basic viscometric data, obtained with the use of the coaxial-cyl- 
inder viscometer referred to above, are presented in Fig. 6, plotted log- 
arithmically. Figure 6 shows the shear stress-shear rate relations for the 
LMH polyisobutylene solution at 23.3°C. and 27.7°C., and for the am- 


LMH POL eae il ENE HH 
IN —e U tt 


T , OYNES/ SQ. CM. x 10-3 


0.4 06 0.81.0 2.0 4.0 6.08.010.0 
O, SEC Xs05* 


Fic. 6. Log-log plots of shear stress r vs. shear rate D for fluids used in tube-flow 
runs, obtained by coaxial cylinder viscometer. 
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monium alginate solution at 23.85°C. and 26.6°C. The two different tem- 
peratures were selected so as to bracket closely the range of operation in 
the tube-flow experiments. The flow equation for each temperature level 
and each fluid is noted against the curve, expressed in the form + = bD*, 
the constants b and s being determined as indicated above. 

The results of the tube-flow experiments are summarized in Table II. 
The value of measured flow rate, noted as Q,,, was fixed by the pump 
r.p.m. The pressure gradient AP/AL was computed from the mercury 


TABLE II 
Measured and Calculated Flow Rates Qn and Q. as Function of Pressure Gradient 
AP/AL 
Fluid and tube Ree aynes x 10° —? b s Pees ees. 
cm.? 
LMH polyisobutylene in cy- | 1 31.8 -1 25.5 3.07 | 0.910 | 20.2 |. 21.0 
clohexane 2 36.6 2525 BO Vhd| Une KUIN| Mevatere | 224.1) 
A tube 3 39.2 26.0 3.24 | 0.912, |) 25.3) 26.6 
Radius 0.2315 em. 4 43.9 26.2 3.19 | 0.913 | 29.2] 30:7 
5 Ole? 26.3 S17 POLGUS Pray toon 
6 56.8 26.3 Sele OFGL3 WR oveOr lee ma 
7 60.7 27.0 3eO2 Wi02917 | 47-07 4520) 
LMH polyisobutylene in cy- | 1 16.4 23.8 3.88 | 0.902 | 52.3) 54.2 
clohexane 2 19.2 24.0 3.82 | 0.903 | 64.0 | 64.8 
B tube 3 2206 24.5 3.65 | 0.906 | 79.6 | 78.8 
Radius 0.355 cm. 4 26.2 24.8 3.58 | 0.907 | 89.6] 938.0 
iS 1252 24.9 3.528 || 0.907 | 40.2) 417.3 
6 (reste, i 224253 SRO 1 OL906 4) 21 5a o2k9 
7 8.1674) 2425 3.65 | 0.906 | 27.5 | 25.0 
8 10.0 25.0 Deol OLGOSa me SoRialOleS 
Ammonium alginate 3% | 1 22.6 26.0 | 120 0.477} 41.5 | 4404 
aqueous sol. 2 24.2 26.2 | 119 0.478 | 48.7 | 48.9 
B tube 3 25.6 26.3 | 119 OF4787) 1562251 5682 
Radius 0.355 em. 4 26.6 26.6 | 117 0.480 | 61.7 | 60.9 
5 27.9 2 One LIS 0.481 | 69.3 | 69.0 
6 29.5 27.1 | 114 OFA SIT Conca none, 
i 16.1 26.7 | 117 Or4S0 se 2heoneotes 
8 18.3 ZieOn le LS 0.481 | 28.3 | 28.6 
9 20.5 DOES 0.481 | 34.5] 36.7 
Ammonium alginate 3%] 1 4.33 | 22.4 |.141 0.465} 40.8] 35.0 
aqueous sol, 2 5.01 | 22.4 | 140 0.466 | 51.8] 49.5 
C tube 3 0683 P2300 1385 0.469 | 67.8 | 69.6 
Radius 0.698 cm. 4 yeas 1 PRO ey 0.470 | 78.0 | 76.7 
5 6.55 | 24.4 | 130 0.472 | 92.0} 91.7 
6 6.75) |s2458 127 0.473 | 100.3 | 100.0 
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manometer reading in conjunction with the spacing of the taps on the 
particular tube being used. In predicting the value of flow rate that should 
occur by Eq. [5] and indicated as Q, in Table II, the following method 
was used. The value of s for a particular tube-flow run was determined by 
linear interpolation between the s values obtained from the viscometric 
runs shown in Fig. 6, based on the temperature reported for the run. In 
the light of the correlations found in Part I, the value of b was determined 
by interpolation on a plot of In b vs. 1/7, between the b values obtained 
from the viscometric runs. With b and s thus computed and r, known, 
the observed pressure gradient AP/AL was substituted into Eq. [5], which 
gave the value of Q, shown in the last column of Table II. 


‘In most of the runs summarized in Table II, Q, is slightly lower than Q., but 
random reversals occur. The general trend of positive error in Q, is believed to lie in 
one. of the following causes. (1) The tachometer-generator geared to the Moyno 
pump.is excited by a constant voltage a.-c. source, obtained through a Variac. Slight 
change in line voltage, and thus excitation of the tachometer, will give output voltage 
readings that are in error by a constant factor with respect to the voltage readings 
on which the pump calibration was made. (2) The shear stress in the coaxial cylinder 
viscometer is measured as the output of a resistance wire transducer that is excited 
by a d.-c. voltage source. Variation of this d.-c. voltage source from that existing at 
the time of calibration will cause the observed values of shear stress to be in error by 
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a constant factor. Although every effort was made to check these factors, both in 
the viscometer and in the tube-flow circuit, before the runs, it is evident that an 
error of one or both of these types appeared. Fortunately the value of s as determined 
from Fig. 6 is independent of the error in shear stress, so long as the error is constant, 
and constancy is likely as the viscometric determinations are made in a very short 
time, e.g., a few minutes. Thus it would be possible from viscometric data and one 
accurate tube-flow experiment to correct the value of b to match the values of Qn 
and Q.. By using the same percentage correction of b in other runs, all the data 
would be essentially concordant. 


According to Eq. [5], in the isothermal laminar flow of a pseudoplastic 
fluid through straight tubes, the flow rate should be proportional to the 
pressure gradient raised to the 1/s power. The most nearly isothermal 
series of runs, viz., ammonium alginate in tube B and polyisobutylene 
solution in tube B, have been thus plotted logarithmically in Fig. 7. In 
the alginate series, the mean value of s was 0.479; hence its reciprocal was 
2.09. The slope of the mean line drawn through the Q, points is found to 
be about 2.1. In the polyisobutylene series the mean value of s was 0.905, 
of which the reciprocal was 1.105. The slope of the mean line 
drawn through the experimental points is 1.11. 


Discussion 


Oldroyd (6) and Toms (7) have suggested that immediately next to a 
boundary surface, fluids such as polymer solutions, which in bulk are 
isotropic, may become anisotropic owing to the hindrance of rotation of 
the polymer molecules by the wall. If this were the case, shear rate would 
no longer be a unique function of shear stress immediately next to the 
wall, and for this case Oldroyd and Toms suggest the use of an effective 
slip coefficient in the calculation of the flow rate-pressure gradient rela- 
tion. A method of test for anisotropic wall effect is to plot curves of ¢ vs. 
1/7» for the same fluid flowing in tubes of different diameters. Herein ¢ 
is the apparent fluidity as calculated by the Hagen-Poiseuille relation, 
and 7, is the shear stress at the wall. As ¢ is the reciprocal of viscosity 
n, Eq. [3] shows that: 

8Q 


a EN TN 6] 


and from Kq. [1], the shear stress at the wall will be 


—AP/AL)ry 
hee ( Me 7] 


If isothermal plots of ¢ vs. 1/7» for the same fluid in tubes of different 
diameters do not lie on the same curve, then the presence of an aniso- 
tropic wall layer of fluid is indicated, the shear stress-shear rate relation 
of which is not the same as in the bulk of the fluid. 
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In the present study of the laminar flow of polyisobutylene solution 
and an ammonium alginate solution, each through two different tubes, 
plots of ¢ vs. 1/w were made by using both measured values of flow rate 
Qm and smoothed values as obtained from Fig. 7. Although the tempera- 
tures at which the individual measurements were made differed slightly, 
it is found that a single curve can be drawn through the points represent- 
ing polyisobutylene flow through tubes A and B, and ammonium alginate 
flow through tubes B and C, both for measured flow rate values (Q,) and 
smoothed values. It is, therefore, concluded that for these pseudoplastic 
solutions, the anisotropic wall effect discussed by Oldroyd and Toms 
must be so small as to be undetectable within experimental error. Obvi- 
ously the wall effect must depend on the molecular configuration of the 
polymer molecules in the particular solvent. Further research will be 
directed toward the study of higher molecular weight polymers and higher 
concentrations. 
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SUMMARY 


It is concluded from the first part of this study that the pseudoplastic 
flow relation of low molecular weight polyisobutylenes in cyclohexane 
may be well fitted with empirical equations of the form + = 6D", and 
further that b is analogous to viscosity » of a Newtonian fluid in that In 
b is linear in 1/7 and 4/C. These relations provide a reasonable basis for 
interpolation of flow properties of such fluids with respect to temperature 
and concentration. 

In the second part of the paper, the empirical equation 7 = bD* is used 
to derive an equation for laminar isothermal flow in straight tubes similar 
to the Hagen-Poiseuille relation for Newtonian fluids. The accuracy of this 
equation is shown by experiments on the laminar flow in straight tubes of 
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two pseudoplastic fluids that follow a shear stress-shear rate relation 
expressible as tr = 6D’, one of these fluids being of the type studied in 
the first part of this paper. 
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ABSTRACT 


Sodium methyl siliconate, CH;Si(OH),ONa, forms gels, when mixed with solutions 
of acetic, hydrochloric, or tartaric acid. Compared to sodium silicate and acid sols, 
which set to form silicic acid gels over a wide range of pH, from about 0 to 11, the 
siliconate and acid mixtures gel only in the range of pH 10.5 to 11.2, and only in solu- 
tions of fairly high concentrations. 

The energy of activation of setting of siliconate gels varies between 19,000 and 
20,000 cal., compared to 24,000 cal. for alkaline gels of silicate and phosphoric acid. 

Viscosity versus time curves resemble those with silicate. The electrical conduc- 
tivity of the siliconate gels increases more as the gel sets than is the case with sili- 
cate gels, representing a structure of lower resistance. The siliconate condensation 
polymers are the type intermediate between the polysilicic acids and the polysilox- 
anes. The siliconate gels are softer and more cloudy than silicic acid gels. 


INTRODUCTION 


A new organo silicon compound, sodium methy] siliconate, CH3Si(OH).- 
ONa, has provided a different material from sodium silicate, for the pro- 
duction of gels. It is available in aqueous solution as SC-50 from the maker, 
the General Electric Silicone Plant, Waterford, New York (1). 

In a continuation of our series of studies on silicic acid gels, we have 
investigated the effect of temperature and pH upon gels made from so- 
dium methy] siliconate and acids. 


MATERIALS 


The siliconate is called sodium “‘T”’ for short because of its trifunctional 
nature, being the monosidium salt of a tribasic acid. It can be converted 
to a di- or tri-sodium salt by sodium hydroxide. It is water-soluble. When 
dried without prolonged contact with air, it forms a product believed to be a 
condensation polymer, (CH,SiO,Na),. It differs from sodium silicate, 
ordinarily used for preparing silicic acid gels, in the ratio SiO,:Na. In the 
siliconate the ratio is no higher than 1:1 for a water-soluble compound. 
With silicate, compounds with ratios as high as 2:1 are still water-soluble. 
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Further information on this new compound may be obtained, if desired, 
from the maker (1). 

The acids used were reagent grade. Distilled water used for the solutions 
had been recently boiled. Solutions were standardized by regular analytical 
methods. 


EXPERIMENTAL METHODS 


Our method for preparing gels was similar to that used with solutions of 
sodium silicate for many years (2), namely, to mix aqueous solutions of the 
sodium methy] siliconate with dilute solutions of acetic acid or other acids. 
The acid presumably forms methy] siliconic acid, a weak acid, which then 
condenses, splitting out water, to form the gel. 

Solutions of the sodium methy] siliconate and of the acid were placed in 
100-ml. Pyrex beakers in a water thermostat, covered by watch glasses. 
They were mixed by pouring the siliconate solution into the acid solution, 
then pouring back and forth quickly. The gel mixture, in one beaker, cov- 
ered by a watch glass, was kept in the thermostat until it had set, as judged 
by the “tilted rod” test (2, 3). We used 25 ml. of the siliconate solution 
and 55 ml. of the acid solution and water to give a total of 80 ml., although 
the O0°C. runs, using 160 ml. of mixture, were made in 250-ml. Erlenmeyer 
flasks with paraffined stoppers, the same technique as we have used with 
silicic acid gels (2). 

All pH measurements of gel mixtures were made with a Beckman glass 
electrode pH meter. These measurements gave us some difficulty, owing to 
drift in the pH reading. Measurements of the electrical conductivity were 
made with an RC-1B conductance bridge, made by Industrial Instruments, 
Inc. The cell was especially constructed so that the electrodes could be 
withdrawn from the gel when set. Viscosity measurements were made in an 
ordinary Ostwald type viscometer pipette. 


RESULTS 


Our attempts to prepare gels by mixing solutions of the siliconate, 
diluted to one-third the concentration received, with acid solutions of 
various kinds and concentrations or with solutions of acidic salts such as 
ammonium chloride, failed. The results were either clear solutions, which 
refused to set in several weeks time, regardless of temperature, or solutions 
containing a white precipitate. 

A potentiometric titration of this sodium methyl siliconate, 1.23 N in Na 
content, with 1.91 N HAc, gave a simple titration curve. The steepest 
part of the curve, shown in Figure 1, came at pH = 738. Up to 10 ml. acid, 
the solution was clear; it was cloudy from 10 through 13 ml. and had a 
precipitate above 13 ml. The mixture did not gel. This titration with the 
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10.0 20.0 30.0 40.0 
ACID ADDED IW ML. 


Fig. 1. Titration of 1.23 N Na methyl siliconate with 1.91 N HAc. 


cloudy solution and the precipitate forming, is completely different from 
the situation when sodium silicate solution is used, as is the failure of the 
final result to set to a gel. 

Although our attempts to produce gels using the sodium methy] sili- 
conate diluted with water and mixed with acid failed, we were able to 
produce gels by using the siliconate in its original concentration. The 
NaOH equivalent of this material is 3.78 N. Gels were formed using acetic, 
hydrochloric, or tartaric acids. Four mixtures were used for each acid. 
Runs were made at 35°, 25°, and 0°C. The methods for making these tests 
have been described many times (2, 4). 

Gels could be produced only in the alkaline range within pH limits of 
approximately 11.15 to 10.60. A decrease in pH caused by higher acid 
concentration resulted in more rapid setting. With a pH less than 10.50, 
white precipitates resulted, while for pH values above 11.20, the mixtures 
did not set in several weeks. In this narrow pH range, the mixture of the 
siliconate solution and acid solution was clear at first. It became opalescent 
before setting. The tilted rod test worked as it does with silicic acid gels. 
These siliconate gels are opalescent and somewhat more cloudy than 
alkaline silicic acid gels. They are softer than silicic acid gels of the same 
silica content. 

Table I shows a set of typical results using acetic acid, 1.91 N, and the 
siliconate as received, NaOH = = 3.78 N. Each mixture contained Na 
equivalent to 1.18 N NaOH and siliconate equivalent to 1.18 g. mols. 


CH;Si0;.5 per liter. 
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TABLE I 
Time of Set of Gels of Sodium Methyl Siliconate and Acetic Acid at 25° C. 
Mixture Normality of HAc pH Time of set (sec.) 
A 0.358 11.10 10,080 
B 0.476 10.75 350 
C 0.596 10.70 95 
D 0.715 10.58 45 
TABLE II 


Energy of Activation of Setting of Gels Prepared from Sodium Methyl Siliconate and 
Acetic, Tartaric, or Hydrochloric Acid 


Acetic acid Tartaric acid Hydrochloric acid 
Mixture e 
Q pH Q pH Q pH 


A 23, 000 11.10 20, 000 11°15 — 11e15 

B 21, 500 10.75 19,100 11.05 19, 100 11.00 

C 21,300 10.70 18,600 10.90 16,100 | 10.90 

D 12, 300° 10.58 17, 200 10.70 13,800 10.75 
Average 19, 500 18,700 16,300 


@ Did not set. 
> May be in error. 


Results using other temperatures for the acetic acid mixtures, as well as 
those containing tartaric or hydrochloric acid, were similar. 

As we have done with gels from sodium silicate and various acids, we 
have plotted the logarithm of time of set against reciprocal absolute tem- 
perature and determined the energy of activation from the slope of these 
curves (2). These siliconate gels being in the basic range can best be com- 
pared with those of sodium silicate and phosphoric acid, reported by Hurd 
and Marotta (4), who found the energy of activation to be 24,870 cal. at 
pH = 10.5. Results for the siliconate gels are given in Table II. 

The acid solutions were not of exactly the same normality: acetic 1.91 
N, tartaric 1.89 N, and hydrochloric 1.84 N. 

The D runs for acetic acid seem out of line. Lower results were found 
for Q for the HCl mixtures here, which is in agreement with the behavior 
of sodium silicate-hydrochloric acid gels (5), though it should be noted 
that those results were reported for acid gels. We have no data on Q for 
alkaline gels from sodium silicate and hydrochloric acid. 

The values of Q reported here for gels from sodium methyl siliconate 
and acetic acid do not agree as well with those for tartaric acid as do the 
results reported (6) for similar acids used with silicate. Siliconate gels are 
much more difficult to produce. 

Measurements of electrical conductance here show more change, namely, 
from 0.27 ohm™ up to about 0.32 ohm when just set, than was found 


GELS OF METHYL SILICONIC ACID. I 19 


with silicic acid gels some years ago (7, 8). As the siliconate gels stand 
after setting, the conductivity decreases to about 0.30. 

We are not reporting the results for viscosity of the mixtures of siliconate 
and acid solutions, as a function of time elapsed since mixing, since the 
curves are like those for mixtures of solutions of sodium silicate and acid. 
Results for the latter have been reported. The viscosity of the mixture 
remains essentially that of water until just before the mixture sets, when 
the viscosity time curve swings up smoothly to high values and breaks off 
as the mixture sets. 


DIscussion 


To interpret these data, one should first note the formula for sodium 
methyl siliconate, CH;Si(OH).ONa, and its acid, methyl siliconic acid, 
CH,Si(OH);. The latter is trifunctional compared to orthosilicic acid, 
Si(OH),, which is tetrafunctional. The 3 OH groups in methy] siliconic 
acid permit linear condensation and cross linkage just as orthosilicic acid 
does, but more difficulty should be shown by the trifunctional acid than by 
the tetrafunctional. Our data bear this out. We have only been able to form 
gels in the narrow pH range from 10.5 to 11.2 here. We were unable to form 
any gels in the acid range, the material always forming a white precipitate. 

Compare this narrow range of pH to the case of gels of silicic acid which 
form from solutions with pH values of —0.5 (9) to approximately 11 (4), 
and one senses the difficulty of gel formation here. In addition, silicic acid 
gels form in quite dilute solutions. 

Our curves for log time of set against reciprocal 7 were linear, which 
adds confidence in our Q values. Nonlinear curves for alkaline silicic acid 
gels have been reported (10) by others. Our Q values vary more here, as 
shown in Table II, within the permitted pH range than do corresponding 
values for silicic acid gels, but our difficulty with pH variation has been 
mentioned. Our value here of about 20,000 cal. compares roughly with 
about 24,000 for alkaline silicic acid gels with phosphoric acid (4). We were 
not able here to work out a relation between time of set and pH. 

We suggest the same mechanism of setting of these siliconic acid gels as 
has been proposed for silicic acid gels (11, 12), namely, condensations be- 
tween adjacent molecules producing long chains and eventually cross 
linkages to form the gel. When the ionization constant of methy] siliconic 
acid is available to compare with that of orthosilicic acid (13), where 
K, = 2 X 10, it will undoubtedly show that siliconic acid is weaker. 

Our data on viscosity and conductivity here serve to strengthen our 
assumption concerning the mechanism. 

If one more OH group, in the methy] siliconic acid, is replaced by a CHs, 
we have dimethyl] silan diol, the monomer for condensation into linear 
polymers known as siloxanes. Gels are not formed, since cross linkage is 
impossible with a difunctional monomer. 
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The siliconate thus supplies the missing link between dimethyl silan diol 
and orthosilicic acid. It forms gels as it should, being capable of cross 
linkage, but it forms them much less readily than tetrafunctional ortho- 


silicic acid. 
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ABSTRACT 


A method is presented for the determination of the surface area of carbon blacks 
by adsorption of laurate or myristate soaps from aqueous solution. It involves con- 
ductometric titration of the blacks in aqueous dispersion with the respective soaps. 
Comparison of results obtained by this method on eleven samples of various blacks 
with nitrogen adsorption data indicates that up to a nitrogen area of 50 m.?/g. the 
two methods yield identical results if areas of 23.2 and 35.2 KR? are employed for 
the laurate and myristate molecules, respectively. However, for the finer blacks the 
two methods yield divergent surface areas, with those by nitrogen being the larger. 
These differences are ascribed to surface irregularities present in the higher area 
blacks, which can be expressed as a surface roughness factor, f, defined as the ratio 
of the area of a black as determined by nitrogen adsorption to that given by the 
soap titration. These roughness factors have a value of unity for the smaller area 
blacks, and increase for the finer blacks to values above two. 

Since a nitrogen molecule is small and can be accommodated in spaces inaccessible 
to larger molecules, nitrogen areas appear to be too large for correlation with rubber 
reinforcement. On the other hand, the areas given by larger molecules, such as 
soap, should be much nearer to those involved in the interaction of carbon black 


and rubber. 


INTRODUCTION 


Among the various properties of carbon blacks which affect their rein- 
forcing action in rubber, a very significant one is the surface area of the 
blacks (2, 4, 9). These areas can be determined by iodine adsorption (15), 
nitrogen adsorption (3), and electron microscopy (5). Whereas each method 
can yield consistent results, it is frequently difficult to reconcile the results 
of different methods for the same materials. This lack of agreement among 
the methods makes it difficult to establish the significance of the term 
“surface area,” particularly as it applies to the problems of rubber com- 
pounding. 

Furthermore, the electron microscope and nitrogen adsorption methods 
are rather involved, and require special apparatus. Although the iodine 
adsorption method is simple, serious error can result in its use owing to 
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chemical interaction of the iodine with unsaturated substances present in 
the blacks. 

There obviously exists a need for a simple and reliable procedure for 
measuring the area of carbon blacks. A review of the literature, and some 
unpublished results of Maron and Elder, suggested that soap titration may 
provide a solution to this problem. Horovitz (11) demonstrated the useful- 
ness of this method with charcoal by using surface tension to determine the 
concentration of soap in presence of the adsorbent. A simple conducto- 
metric soap titration method was developed by Maron e¢ al. (12) for the 
determination of surface area and particle size of the polymer in synthetic 
rubber latices. Harkins (10) mentioned that the above method can be ap- 
plied successfully to carbon blacks, but he did not publish any details of 
technique or results. Again, Weatherburn and co-workers (14, 16) studied 
the adsorption of soap by carbon blacks, but they made no attempt to use 
the data for surface area calculations. 

Preliminary studies made in this laboratory showed that the conducto- 
metric soap titration method, found practical for surface area determina- 
tions in latices, could readily be adapted to carbon blacks. Consequently, 
a study was undertaken (a) to establish the conditions required for simple 
and precise conductometric titration of carbon blacks with soap solutions, 
and (b) to correlate the areas obtained by soap titration with those given by 
low-temperature nitrogen adsorption. 


Applicability of the Soap Titration Method to Carbon Black 


The soap titration method for the determination of the surface area and 
particle size of synthetic latices has been described by Maron and co-work- 


VARIATION OF CONDUCTANCE OF AQUEOUS CARBON BLACK 
SLURRY WITH VOLUME OF SOAP ADDED 
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Fic. 1. Variation of conductance of aqueous carbon black slurry with 
volume of soap added. 
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ers (12). When a given weight of carbon black in aqueous dispersion is 
titrated with soap solution in a manner analogous to that employed for 
latex, and the conductances plotted against the volume of added soap solu- 
tion, curves such as the one shown in Fig. 1 are obtained. These are very 
similar to the ones obtained with latex, and hence we shall suppose, as was 
done with latex, that point H corresponds to the appearance of micelles 
in solution, and that at this point the carbon black is covered with only a 
monolayer of soap. Evidence for the validity of these suppositions will be 
given below. 
Maron et al. (12) have shown that at point E 


Cis Sam ar Ce (1) 


where in this instance C would be the total concentration of soap in the 
carbon black slurry, expressed in moles per liter, 8, the number of moles of 
soap adsorbed per gram of black at the critical micelle concentration 
(cmc), m the total concentration of carbon black in the slurry in grams per 
liter, and C, the concentration in moles per liter of unadsorbed soap in the 
solution (cmc). Further, since S, and C’; should be constants (12), a plot 
of C vs. m should be linear with slope S, and intercept C;. Figure 2 shows 
a typical plot of C vs. m obtained in the present work. The linearity of the 
plot indicates that the anticipated consequences of the hypothesis are ful- 
filled. 

Added confirmation of the validity of the above argument is provided 
by the fact that the value of S, can be obtained also by a back titration 
method (12), in which soap-deficient latex is used to adsorb excess soap 
added to carbon black. Any amount of soap present beyond C in a sample 
should be adsorbed by the latex, until an end point is reached at which we 
have an equilibrium distribution of the soap among the carbon black sur- 
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Fie. 2. Plot of C vs. m for carbon black at 50°C. 
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Fic. 3. Conductance of carbon black slurry and excess soap as a function 
of added latex. 
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face, the rubber surface, and the soluble soap in the solution at the emc. A 
typical back titration curve is shown in Fig. 3. Point EZ’ is analogous to 
point F in Fig. 1, but now both the carbon black surface and the rubber sur- 
face are covered with a monolayer of soap. It can be shown that for this 
situation Eq. [1] becomes 


y=C—S8,'m' = Sum + C,’ [2] 


where S,’ is the moles of added soap adsorbed per gram of rubber as deter- 
mined by direct titration of the latex alone with soap, m’ is the concentra- 
tion of rubber at point Z’ in grams per liter, and C;’ is the emc of the soap 
in the carbon black-latex slurry. Consequently, a plot of y vs. m should 
yield a straight line with slope also equal to S,. Such a plot is shown in Fig. 


4. A comparison of the S, values given by the two methods will be presented 
later. 
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From S, the average surface area per gram of carbon black, A, follows as 
A = 8,A,.N X 10-” [3] 


where A, is the effective area in A? occupied by a soap molecule on the 
black surface at the emc, and N is Avogadro’s number. The area given by 
Kq. [3] is in square meters per gram, m.?/g., of the black. 


EXPERIMENTAL PROCEDURES 
1. Preparation of Standard Soap Solutions 


The oleic and lauric acids used were obtained from the Amend Drug and 
Chemical Company, New York, New York; the myristic acid was ob- 
tained from the Eastman Kodak Company, Rochester, New York. All 
samples were designated as C.P. grades. Weighed amounts of these fatty 
acids were dissolved in equivalent quantities of carbonate-free NaOH and 
KOH, the solution diluted with distilled water, and then held at nearly 
reflux temperature for several hours until they clarified. To make sure that 
the soap solutions contained no free fatty acid, a determination of the 
latter was run by the direct conductometric titration method of Maron, 
Ulevitch, and Elder (13), and any acid found was neutralized by the addi- 
tion of the requisite quantity of alkali. 

The soap solutions thus prepared were diluted with distilled water to 
the desired strength, and then analyzed for soap content by conductometric 
titration with HCl (13). Since the soaps were to be used at 50°C., they were 
kept at this temperature and sampled with pipettes also calibrated at 
50°C. 


2. Carbon Black Samples 


Eleven carbon black samples, ranging in nitrogen area from 22 to 132 
m.2/g., were used in this study. These, along with the nitrogen areas, were 
supplied us through the courtesy of the Columbian Carbon Company of 
New York City. They embraced Furnex, Statex 93, Statex M, Statex B, 
Statex K, Micronex W-6, and Standard Micronex. The only treatment 
given the received samples was drying for 3 hours at 90°C. in a vacuum 


oven. 


3. Determination of C and m by Direct Soap Titration 


Half- to two-gram samples of carbon black and 100 ml. of freshly boiled, 
distilled water were placed in the glass conductivity cell illustrated in Fig. 
5. The cell was assembled, immersed in a 50°C. thermostat, and sufficiently 
strong stirring started to prevent settling of black. This stirring was main- 
tained throughout an experiment. When thermal equilibrium was estab- 
lished, a resistance reading was taken. Soap was then added in 1- or 2-ml. 
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Fre. 5. Conductivity cell. 


volumes through A, and after a few minutes the resistance reading was 
again taken. 

It was found that several minutes were sufficient to attain equilibrium 
after each addition, and to obtain resistance readings which did not change 
thereafter. This procedure of adding soap and taking resistance readings 
was continued until enough points were obtained to yield a plot such as 
shown in Fig. 1. 

Resistance measurements were made with a 1000-cycle Leeds and North- 
rup Campbell-Shackleton bridge. Throughout the temperature used was 
50.0° + 0.1°C, 

For each black sample the above procedure was repeated with several 
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concentrations of carbon so as to yield at least three and usually four 
values of C and m to be plotted as in Fig. 2. The constants S, and C y Of 
the straight lines obtained in every case were evaluated by least squares. 


4. Determination of y and m in Back Titration with Latex 


Interpretation of the back titration data requires a determination of the 
rubber content of the latex used and also its capacity for soap adsorption. 
These quantities were determined in a manner already described (12). 
In order to avoid the complications involved in the use of latices containing 
mixed soaps, a latex was selected which contained the same type of soap 
(sodium laurate) as was used in the direct titration of the blacks. 

The latex titrations of black were conducted as follows. A weighed sam- 
ple of carbon black was placed in the conductivity cell, 100 ml. of boiled, 
distilled water were added, and then the desired quantity of soap solution. 
The assembled cell was placed in the thermostat, and stirring started. 
Latex was now added in 1-ml. volumes, and the resistance readings taken a 
few minutes after each addition. The titration was continued until enough 
points were obtained to construct a curve such as given in Fig. 3, from 
which the end point #’ was determined. The values of y and m were calcu- 
lated from the data for the end point of the titration. This titration of ex- 
cess soap was repeated for several initial concentrations of carbon black in 
order to get at least three values of y and m, which were plotted as in Fig. 
4 to yield S, and C,’. 


RESULTS AND Discussion 


Before detailed investigation of the various blacks was undertaken, it 
was decided to ascertain first what may be the effects on adsorption of (a) 
the pH of the blacks, (6) the extraction of the blacks, (c) pelletization of the 
black, and (d) the nature of the soap cation. To investigate the effect of 
pH of the blacks, the S, and C; values were determined by titration with 
potassium oleate for Statex K (pH = 9) and Micronex W-6 (pH = 5). Next 
to fresh samples of these carbons in aqueous dispersion was added enough 
KOH to raise the pH to 9.5, and the dispersions were retitrated with oleate 
to determine again S, and C;. It was thus found that wereas this adjust- 
ment of pH modified the C; slightly, S, remained the same as before pH 
adjustment. 

Similar comparative experiments made with straight Philblack-O and 
with toluene-extracted Philblack-0 also showed no effect on the S, values 
of the black. As to the effect of pelletization of the black, pelletized and 
nonpelletized Spheron 9 gave again the same value of S, in both cases. 
Finally, the effect of the nature of the soap cation on adsorption was studied 
by using potassium and sodium soaps with the same anion group. Both 
soaps yielded identical results for a given type of black, so that only the 
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TABLE I 
Adsorption of Fatty Acid Soaps by Carbon Blacks at 60°C. 
Laurate Myristate Oleate 
Carbon black B ae = E 
jas es Sa X 104 (moles/gram) a3 Sa X 104 (moles/gram) 3 Sa X 104 (moles/gram) 
Z a Z 

i 15} it 1.02 
Furnes (a) 1 13 1 1 
Statex 93 (a) 2 2.39 + 0.02 2 1.54 + 0.01 2 1.53 + 0.03 
Statex 93 (b) 2 2.30 + 0.01 2 1.52 + 0.01 3 1.46 + 0.03 
Statex M 2 3.08 + 0.02 2 2.04 + 0.01 2 1.90 + 0.03 
Statex B (a) 2 3.47 + 0.03 = = 2 2.17 + 0.04 
Statex B (b) 2 3.21 + 0.07 3 2.21 + 0.09 2 2.07 == 0308 
Statex K (a) 1 3.84 = == 2 3.18 + 0.04 
Statex K (b) 2 3.94 + 0.00 2 2.57 + 0.00 2 3.09 + 0.02 
Micronex W-6 2 4.38 + 0.00 1 2.83 1 3.40 

(a) 
Micronex W-6 2 4.17 + 0.07 2 2.67 + 0.01 4 3.86 + 0.05 

(b) 
Std. Micronex 3 4.35 + 0.02 3 2.95 + 0.10 2 3.87 + 0.01 
C;(moles/liter) | 21 | 0.0218 + 0.0005; 18 | 0.0070 + 0.0004) 21 | 0.0025 + 0.0003 


TABLE II 
Comparison of the Back and Direct Titration Procedures 
Cy X 108 (moles/liter) Sa X 104 (moles/gram) 
Carbon black sample 
Direct titration Back titration Direct titration Back titration 
Statex B (b) PAN 23.9 3.21 3.05 
Std. Micronex 21.9 23.4 4.35 4.82 


soap anion is important in adsorption. In view of this fact only potassium 
soaps were used in all subsequent experiments. 

Table I summarizes the adsorption data obtained on the eleven samples 
of seven types of carbon black by titration with laurate, myristate, and 
oleate soaps. At the bottom of the table are listed also the average values of 
C; found for the entire series of blacks with a particular soap. It may -be 
seen that for a particular soap C; is a constant, as it should be, if Cy repre- 
sents the cme of the soap. Further, the C,’s obtained here are in good agree- 
ment with the generally accepted values for the critical micelle concentra- 
tions of these soaps (6, 7, 8, 12). 

As a check on some of the S, values given in Table I, Table II shows a 
comparison of results obtained with two blacks on direct titration with 
soap and on back titration with latex. The good agreement obtained by the 
two methods is evidence for the fact that no changes occur in the surface 
areas of the blacks owing to different possible extents of dispersion in pres- 
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ence of excess soap. If variable conditions of dispersion existed, it would be 
unlikely that the original S, direct titration values could be recovered so 
well by back titration. The concordance of results indicates that the ef- 
fective surface area of the carbon black is a constant independent of the 
amount of soap present, and hence it must be presumed that it represents 
the actual surface area of the carbon black. 

Another check on the consistency of the observed S, values follows from 
the following considerations. If a given carbon black be titrated with several 
soaps, then by Eq. [8] its area should be given by 


A = 8,,4s,N X 10 = Sa,A.,N X 10- = S.,4,,N X 10-” 


and hence 


Se AG ee 


Consequently, if the soap area ratios are constant, the ratios of the S,’s 
should also be constant and independent of the nature of the substrate. 
The most logical condition for the constancy of the area ratios would be 
the constancy of the individual soap areas, since it is not very probable that 
both areas would change equally so as to preserve the value of the ratio. 
In Table III, columns 2 and 3, are listed the slope ratios thus calculated for 
myristate and oleate to laurate soaps. It will be observed that in line with 
expectations the myristate-laurate ratio is a constant within experimental 
error, whereas this is not the case for the oleate-laurate ratio. These results 
indicate that, whereas the carbons behave nonspecifically with respect to 
adsorption of laurate and myristate, the adsorption of oleate is more specific 
and is not independent of the nature of the surface. This specificity of 
oleate adsorption may well be associated with the presence of unsaturation 


TABLE III 
Ratio of Sa Values for Adsorption of Soaps by Carbon Blacks 


Slope ratios 


Carbon black sample Myatt Olnts 

Laurate Laurate 
Furnex (a) 0.653 0.590 
Statex 93 (a) 0.644 0.640 
Statex 93 (b) 0.661 0.635 
Statex M 0.662 0.617 
Statex B (a) — 0.625 
Statex B (b) 0.688 0.645 
Statex K (a) — 0.828 
Statex K (b) 0.652 0.784. 
Micronex W-6 (a) 0.646 0.776 
Micronex W-6 (b) 0.640 0.926 


Std. Micronex 0.678 0.890 
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TABLE IV 
Surface Areas and Roughness Factors of Carbon Blacks 


er aa areas Acasa oe hea 
A N: 

Carbon black sample Gait Je) Laurate | Myristate Myris. 
Laurate Myristate As Roe As a ate Laurate| “(ate 

Furnex (a) 22.3 21.4 32.8 24.1 23.9 | 0.93 | 0.93 
Statex 93 (a) 31.2 Pkt 33.7 33.3 32.6 | 0.94 | 0.96 
Statex 93 (b) 33.9 24.5 37.0 32.0 32.2 1.06 | 1.05 
Statex M 42.8 23.1 34.9 43.0 43.2 1.00 | 0.99 

Statex B (a) 48.0 23.0 — 48.4 — OF 9O) 
Statex B (b) 50.0 25.9 37.6 44.9 46.8 Lelia elon 

23.3 s+ 1.2) 35.2 + 1.7 

Statex K (a) 68.4 29.6 —_ 53.6 — 1.27 — 
Statex K (b) 94.6 39.9 61.1 55.0 54.5 L728 
Micronex W-6(a)} 103.9 39.4 61.0 61.1 59.9 LET lee 
Micronex W-6(b)| 106.2 42.3 66.1 58.2 56.5 1.83 | 1.88 
Std. Micronex 132.0 50.4 74.3 60.6 62.4 | 2.18 | 2.12 


in the soap molecule, and it may thus be of interest as a means of studying 
the nature of the carbon black surface. However, of the soaps tried here, 
only laurate and myristate appear to be suitable as adsorbates for surface 
area determination. 

Since the B-E-T nitrogen areas Ay, have been determined for all the 
blacks used here, they may be employed, along with observed S,’s, to find 
by means of Eq. [8] the effective cross-sectional areas of the laurate and 
myristate molecules on the various carbon black surfaces. The areas thus 
found are given in columns 3 and 4 of Table IV. Inspection of these two 
columns reveals that the values of A, for a given soap are constant up to a 
nitrogen area of about 50 m.?/g. Thereafter the A, values increase progres- 
sively with increase in the observed nitrogen areas. 

This indicated increase in apparent surface area occupied by a soap mole- 
cule on the blacks of surface area above 50 m.?/g. is inconsistent with the 
results shown in Table III for the ratio of laurate to myristate areas. The 
latter data indicate quite conclusively that the areas per soap molecule are 
constant within experimental error. The only way to resolve this incon- 
sistency is by supposing that the soap areas are not changed, but that on 
carbons of surface area greater than 50 m.?/g. the two methods, nitrogen 
adsorption, on the one hand, and soap adsorption, on the other, yield dif- 
ferent results for the surface area. Since the two methods yield concordant 
results for carbons of area below 50 m.?/g., the molecular soap areas derived 
from these can be taken as the invariant molecular areas applicable also to 
all the other carbons above this limit. On this basis the areas occupied by 
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molecules of laurate and myristate become, respectively, 23.2 + 1.2 and 
35.2 + 1.7 A? 

These values of the areas show conclusively that at the titration end 
point we are dealing with monolayers of soap on the black surfaces. The 
cross-sectional area of a straight-chain fatty acid soap in a condensed 
monolayer is about 21 A’. If the soap were adsorbed in multilayers, the 
area per soap molecule would be less than 21 A2, whereas if it were adsorbed 
in expanded monolayers the molecular area would be greater than this 
figure. The results obtained for the soap areas indicate that the laurate 
exists on the carbon black surface at the cmc in a slightly expanded mono- 
layer, and the myristate in one considerably more expanded. Incidentally, 
the areas found for these two soaps on polymer substrates (12) were, respec- 
tively, 41.4 and 34.1 A?. This difference in magnitude as well asorder em- 
phasizes the importance of the effect of nature of the substrate in the adsorp- 
tion of soap at the cmc. 

Using the soap areas obtained above, the surface areas of the various 
blacks have been calculated by means of Eq. [3], and they are given in col- 
umns 5 and 6 of TableIV. Up throughStatex B these values of A, show good 
concordance between themselves as well as with Ay,. Past this black, 
however, the agreement is good only between the results for the two soap 
titrations. 

It is our belief that the latter discrepancy arises from a combination 
of two factors, namely, the structure of the carbon black surface and the 
size of soap molecules compared to those of nitrogen. Were the surface 
perfectly regular, then it is to be anticipated that both soaps and nitrogen 
would have equal access to the entire surface, and the two methods should 
yield then the same results. On the other hand, were the surface of the black 
irregular as a result of presence of porosity or surface elevations, then it can 
be readily visualized that a small molecule like nitrogen could well get into 
spaces unavailable to larger molecules like soaps. Under such conditions 
we would obtain a larger surface area by nitrogen than by soap adsorption. 
The results in Table IV show that such is actually the case. 

Without getting into a deeper discussion of the nature of the carbon black 
surface, it is possible to treat the above effect of surface structure in terms 
of a surface roughness factor, f. Anderson and Emmett (1) have observed 
that surface areas determined by the B-E-T method using nitrogen fre- 
quently were greater than the areas determined by electron microscopy. 
They ascribed this difference, as above, to surface structure, and defined a 
surface roughness factor as the ratio of the nitrogen to electron micro- 
scopically determined areas. A similar approach can be used here. We shall 
define as the surface factor the ratio of nitrogen to soap areas; 1.e., 


f = Aw,/Ac. [4] 


This quantity, f, which can be determined from a combination of nitrogen 
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and soap adsorption data, should be a measure of extent of surface irregu- 
larity of the blacks, and should be the larger the greater the extent of this 
irregularity. 

Values of f calculated from Ay, and A, are shown in the last two columns 
of Table IV. It will be observed, first, that the surface factors deduced from 
the results of laurate and myristate titrations are in excellent agreement 
for all the blacks listed. Second, for the blacks of area up to 50 m.?/g., the 
surface factor is essentially unity, as should be the case when nitrogen and 
soap adsorption data yield the same surface area. Finally, above 50 m.’/g. 


the surface factor is greater than unity, and increases as the nitrogen sur- — | 


face area of the blacks becomes larger. A similar relation between rough- 
ness factors and nitrogen areas is observable in Anderson and Emmett’s 
(1) data on comparison of nitrogen and electron microscope areas of blacks. 


CoNCLUSIONS 


The results presented above for the determination of the surface areas 
of carbon blacks in the range of 20 to 130 m.?/g. indicate that the soap 
titration procedure given here offers a very convenient and reliable means of 
estimating the surface areas of such blacks. The fact that above 50 m.?/g. 
the soap titration method yields a lower surface area than nitrogen adsorp- 
tion is an indication that correlations between reinforcing powers of blacks 
and nitrogen areas can not possibly be valid. The nitrogen molecule is 
much smaller than a rubber molecule, and hence it can occupy positions on 
an irregular surface which would be totally inaccessible to a bulky polymer 
molecule. For this reason adsorption of a soap molecule, which is closer in 
size and shape characteristics to a polymer molecule, should yield a much 
better approximation of the black surface area accessible to rubber, and 
hence a better correlation may be anticipated between soap areas of blacks 
and rubber reinforcement than between the latter and nitrogen areas. 

Finally, a comparison of soap and nitrogen adsorption areas offers a 
means for evaluation of the extent of carbon black surface irregularity 
through the surface factor. It may well be that this factor as well plays a 
significant role in rubber reinforcement. 
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ABSTRACT 


A method has been developed for the determination of cationic detergents in 
aqueous solution at concentrations of ca. 10~' M. The analysis depends upon the 
formation of a complex between the detergent and an anionic dye, and the quanti- 
tative extraction of the complex into an organic phase in which the dye itself is 
insoluble. The intensity of color in the organic phase is then directly proportional 
to the concentration of detergent. Satisfactory analyses have been achieved using 
octyltrimethylammonium bromide (+5%), dodecyltrimethylammonium bromide, 
cetyltrimethylammonium bromide, and dodecylpyridinium bromide (+2%). The 
method is insensitive to wide variations in pH and salt concentration of the de- 
tergent solution. 


INTRODUCTION 


During the course of a recent study of the binding of dodecyltrimethylam- 
monium bromide by bovine plasma albumin (1), it became necessary to 
analyze solutions of the detergent in the concentration range 10~ to 10-5 M. 
Whilst the titrimetric method of Epton (2) for anionic detergents can be 
adapted for the determination of cationic detergents, its limitation to the 
range 3 X 107° to 8 X 10°* M rendered it too insensitive for the present 
purpose. However, Karush and Sonenberg (3) have developed a colori- 
metric method for the estimation of long-chain alkyl sulfates at concen- 
trations of 5 X 10~® M. The principle of the method depends upon the for- 
mation of a stoichiometric complex between the anionic detergent and a 
dye of opposite polarity, and the extraction of the colored complex into an 
immiscible organic phase. The applicability of this method to the analysis 
of cationic detergents in very dilute solution seemed possible provided that 
certain conditions were fulfilled. These are that the dye should have only 
anionic groupings (e.g., —SO:-), be sufficiently soluble in the aqueous 
phase, and completely insoluble in the organic phase, whilst the complex 
(detergent + dye) should transfer quantitatively to the latter. A dye 
satisfying these conditions is Orange II [p-(8-naphthol-azo) benzene 
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sulfonic acid] and this has been successfully employed for the estimation 
of several cationic detergents, using chloroform as the organic phase. 


EXPERIMENTAL Merrnops 
Orange II 


This was prepared by diazotization of sulfanilic acid followed by coupling 
with 6-naphthol under the normal conditions. The product was purified by 
recrystallizing three times from aqueous ethanol and dried in vacuo. A 
stock solution was prepared by dissolving the dye in 0.1M sodium chloride 
solution, and stored in the dark. Continual shaking of an aliquot of the dye 
solution with chloroform failed to produce any coloration of the organic 
phase, as measured by a spectrophotometer. Karush and Sonenberg (3) 
found difficulty when using pararosaniline and rosaniline by the fact that 
considerable color transfer to the organic phase occurred, before the addi- 
tion of anionic detergent. 


Detergents 


The n-alkyl quaternary ammonium bromides (Cs, Cy and Cis) and 
n-alkyl pyridinium bromide (Cy) were prepared in the laboratory by the 
reaction of pure samples (Eastman Kodak Co.) of the alkyl bromides with 
the appropriate bases. For the quaternary ammonium detergents the re- 
action was carried out at 18°C. for 16 hours in dry acetone solution using a 
slight excess (1.1 mole) of the base. The dodecyl pyridinium bromide was 
prepared by refluxing the reactants at 115°C. for 3 hours. The detergents 
were recrystallized from moist acetone, dried, and Soxhlet extracted for 
8 hours with 60°-80°C. (b.p.) petroleum ether. The products were finally 
recrystallized twice from moist acetone and dried in vacuo. 


Colorimetric Determination 


Estimations of the color intensity of the organic phase were made using 
a Unicam photoelectric quartz spectrophotometer type SP 500. Cells of 
path length 1 cm. were employed. The dye in aqueous solution and the 
complex in chloroform solution both had absorption maxima at 485 my, 
hence optical density measurements were taken at this wavelength. Beer’s 
Law was obeyed over the concentration range studied in the investigation. 


Analytical Procedure 


Four milliliters of detergent solution, 1 ml. of dye solution and 5 ml. of 
A.R. chloroform were pipetted into clean C 19 glass-stoppered test tubes. 
The tubes were then shaken 50 times, centrifuged for 5 min., and ca. 4 ml. 
of the organic phase transferred to the spectrophotometer cells. At this 
stage a period of 5 min. was allowed for small water droplets, occasionally 
formed during the transference of the liquid to the cells, to disperse before 
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readings of optical density were taken. It was found that after ca. 15 
shakes, transference of the complex to the organic phase was almost com- 
plete, and that after this continued shaking produced a constant optical 
density of the organic phase. An arbitrary number of 50 shakes was em- 
ployed to standardize procedure. 

The concentration of dye (0.4 X 10-4 M) was chosen so that the maxi- 
mum optical density, i.e., when complete transfer of the dye had occurred, 
was ca. 0.7 using an optical path length of 1 cm. This ensured that the most 
sensitive portion of the spectrophotometer scale was used for the measure- 
ments. 


RESULTS AND DiIscuUSSION 


Figure 1 illustrates the curves of optical density vs. molar concentration 
obtained using the detergents octyl-, dodecyl-, and cetyl-trimethylam- 
monium bromide (OTAB, DTAB, CTAB) and dodecylpyridinium bromide 
(DPyB) in 0.1 M NaCl. In all cases a good linear relationship was found 
between optical density and concentration of detergent. With the excep- 
tion of OTAB, this linear relationship holds until an optical density of ca. 
0.72 is reached, when transfer of the dye to the organic phase is complete 
and further detergent causes no increase in the optical density. It is sig- 
nificant that this plateau occurs at a detergent concentration of 
0.4 X 10-4 M, the molar concentration of dye employed, indicating a 1:1 
complex between the dye and detergent. This is only to be expected since 


Optical density at 485 my 


Ol 


O.l 0.2 x 
Molar concentration detergent x10 


Fra. 1. Plot of optical density (485 mu) versus the molar concentration of de- 
tergent, Teen n-octyltrimethylammonium bromide; —@— n-dodecyltrimethylam- 
monium bromide; —®— n-cetyltrimethylammonium bromide; and —x— n-dode- 


cylpyridinium bromide. Aqueous solvent: 0.1 M sodium chloride; organic solvent: 
chloroform. . 


a 
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the dye Orange II contains only one sulfonate group per molecule. The 
optical densities obtained for CTAB and DPyB, at the same molar con- 
centrations, fall slightly below those for DTAB. It is considered that this 
is not due to differences in the molar absorption coefficient for the various 
detergent/dye complexes but to a trace of impurity $2% present in the 
CTAB and DPyB. With the short-hydrocarbon chain detergent OTAB a 
reproducible linear relationship was also obtained, but in this case incom- 
plete transference of the complex occurred and the slope of the curve was 
only ca. 14 that found for the former detergents. 

Figure 2 compares the experimental curve for the estimation of DTAB 
in 0.1 M NaCl with those obtained with DTAB in 0.01 M HCl (pH 2.2), 
in 0.1 M NaHCO; (pH 8.3), and in water. With these conditions reasonable 
agreement is obtained with the results in 0.1 M NaCl, indicating that the 
complex was stable over a wide range of pH and salt concentration. 

Although the formation of the detergent/dye complex is unaffected by 
the above changes in the composition of the aqueous phase, the transference 
of the complex is critically dependent upon the nature of the organic phase. 
A variety of organic solvents were investigated as possible alternatives to 
chloroform, using DTAB as test detergent. Of these, only the partially 
chlorinated hydrocarbons, e.g., tetrachloroethane and trimethylene chlo- 


Optical density at 485 mp 


Molar concentration detergent x|04 


Fra. 2. Plot of optical density (485 mu) versus molar concentration of n-dodecyl- 
trimethylammonium bromide. Detergent in water —O—, in 0.01 M hydrochloric 
acid (pH 2.2) —X—, and in 0.1 M sodium bicarbonate (pH 8.3) —©O—. Full drawn 
curve represents data for the detergent in 0.1 M sodium chloride. Organic solvent : 


chloroform. 
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ride, allowed complete transference of the complex. With chlorobenzene, 
ethylene dibromide, and ethyl acetate only a partial transference occurred; 


with carbon tetrachloride, hexane, and benzene no transference occurred ; 


whilst the free dye was soluble in 7so-amyl alcohol and cyclohexanone. 

It was observed that in all cases where the complex was not transferred 
to the organic solvent, an intense band of color developed in the aqueous 
phase adjacent to the liquid/liquid interface. This indicates that with these 
organic solvents the complex is able to adsorb only on the unstable emul- 
sion interface formed by shaking, and on subsequent breakdown and sepa- 
ration inte two phases the complex desorbs into the aqueous phase. The 
solubility of the complex in partially chlorinated hydrocarbons is clearly 
connected with their capacity for dissolving the long-chain cationic deter- 
gents. Qualitative solubility tests of DTAB in the various solvents men- 
tioned above (with the exception of zso-amyl alcohol and cyclohexanone, 
which were rejected by virtue of the solubility of the free dye itself) showed 
a similar behavior to that of the detergent/dye complex. Thus a good sol- 
vent for the detergent also favored transfer of the complex. 

The spectrophotometric method described here has been found satis- 
factory for the estimation of cationic detergents in dilute solution: at con- 
centrations of 10~' M the reproducibility for Ci, and Cs n-alkyl detergents 
is +2% and +5%, respectively. Analysis of detergent solutions at con- 
centrations below 10~° M, without loss in sensitivity, is clearly possible by 
the use of spectrophotometer cells of longer path length. 
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ABSTRACT 


Chemical stress relaxation behavior of polyester urethane elastomers and a poly- 
ether elastomer have been determined over a temperature range of 90° to 130° C. 
Since both polyether and polyester samples have approximately the same rate of 
stress decay, it has been necessary to exclude ester-ester interchange as a reaction 
mechanism, and regard the known thermal lability of the urea and urethane groups 
as indicative of possible sites of network scission. A likely possibility for the weak 
link is the tri-substituted urea (biuret) cross-linkage. 


INTRODUCTION 


In a recent series of communications from the Bayer Laboratories (1-8), 
the preparation and properties of a new series of polyurethane elastomers 
obtained from polyesters and diisocyanates have been described. These 
elastomers, under the generic term of Vulcollan, are analogous with the 
product known as Adiprene B, which has very recently been announced 
by the Du Pont Laboratories (9). This latter material differs chemically 
from the Vulcollan in that the main network chain is composed of poly- 
ether segments rather than polyester segments. All of these synthetic 
elastomers have been found to display excellent properties with respect 
to tear strength, tensile strength, abrasion resistance, rebound resilience, 
resistance to swelling in common organic solvents, and resistance to aging, 
deterioration from exposure to air or ozone. However, noticeable deleterious 
effects of temperature on elastic modulus and tensile strength were noted 
(3), indicating that chemical changes were occurring. 

The applicability of measurement of relaxation of stress at constant 
strain has been found useful in following chemical network degradation 
for many polymeric substances, examples being natural rubber, in which 
oxidative scission of chains was the prime factor (10), and disulfide rub- 
bers (11, 12), and silicone elastomers (13, 14), in which mutual exchange of 
network bonds was thought to be responsible for decay of stress. 

* This article is based upon a dissertation snbmitted by Jack A. Offenbach in 


partial fulfillment of the requirements for the degree of Doctor of Philosophy at 
Princeton University. 
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The basic link between the mechanical behavior of a crosslinked poly- 
mer and its chemical constitution is given by the fundamental equation of 
rubber elasticity (5): 


p= er (a—4), (1 


where f is the stress based on original cross section, NV is the number of 
network chains per unit volume of rubber, and a is the strain, or relative 
elongation. At constant strain and temperature, the stress at any time 
should be proportional to the number of network chains maintaining 
stress per unit volume. Even if there were departure from this theory, it 
would be expected that a decay of stress would still be related to a decrease 
in the number of network chains maintaining stress. Since a dynamic 
equilibrium between breaking of bonds and reformation of new bonds is 
possible, “intermittent”? measurements are made in which the sample is 
stretched only for a period of time necessary to determine the stress, and 
then released to its initial position. The latter measurement is believed to 
represent the difference between the rate of scission of bonds and the 
rate of formation of new bonds, whereas a continuous measurement of 
decay of stress is thought to measure only the decay of bonds, since any 
new bonds formed would be in equilibrium with the strained condition 
and not contribute to the stress. 


EXPERIMENTAL 
Materials 


Samples of Vulcollans, prepared essentially as in patents and publica- 
tions of the Bayer Company, were obtained from the U. S. Rubber Com- 
pany, and used without any further treatment. Three basic types of 
compounds were investigated. Common to all three was the starting 
material, a polyester of molecular weight approximately 2000, prepared 
from adipic acid and a mixture of ethylene and propylene glycols. The 
constituents of the three samples were as follows: 

A. Polyester, diphenylmethane diisocyanate, and water as ‘‘cross- 

linking agent.” 

B. Polyester, naphthalene 1,5-diisocyanate, and butanediol 1,4 as 

“crosslinking agent.” 
C. Polyester, toluene 2,4-diisocyanate, and an aromatic diamine as 
“crosslinking agent.” 


A sample of Adiprene B was kindly furnished us by the DuPont Lab- 
oratories. 


Equipment and Procedure 


All measurements were made on an instrument previously described (10), 
except that the relaxometer was modified for use of strip samples. This 
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proved very advantageous and convenient for these studies. A full de- 
scription of this modification is given elsewhere (16). 


RESULTS AND DISCUSSION 


Stress relaxation behavior of the three Vulcollans and DuPont Adiprene 
B have been studied over a temperature range of 90° to 130°C. and an 
extension of 20%. Extension was not included as a variable, since it was 
shown to have little or no effect in other polymeric systems exhibiting 
stress decay due to cleavage of chemical bonds. 

Our data have been presented in terms of percentage of residual stress, 
100f/fo, as a function of logarithmic time. The original stress present in the 
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Fig. 1. Continuous stress relaxation of Vulcollan A. 
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Frc. 2. Continuous stress relaxation of polyurethanes at 120°C. 
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Fra. 3. Temperature dependence of relaxation times. 


sample was determined by graphical extrapolation to an arbitrary time, | 
0.01 hour in the case of continuous measurement, and 0.1 hour for inter- | 


mittent measurements. 


Absolute magnitudes of the initial modulus were reproducible within 5 % | 
or better and duplicate determinations plotted on a relative basis were 


completely superposable. The data for the continuous runs for Vulcollan A 
are presented in Fig. 1, and the intermittent data for Adiprene B in Fig. 2. 
Comparison of stress decay curves for all samples at 120°C. is made in 
Fig. 3. Common to all four samples is the fact that all appear to approach 
zero stress asymptotically and that the greater portion of the decay takes 
place within two cycles of logarithmic time. Such behavior is similar to 
that shown by polysulfide rubber (11, 12), natural rubber (10), and sili- 
cone rubber (13). In these materials chemical scission of bonds was deduced 
to be the underlying factor. None of the linear polymers which stress 
relax owing to internal flow processes have ever shown a two-cycle decay, 
but extend over many cycles of logarithmic time. Of course, predominantly 
chemical relaxation effects would be expected in an extended three-dimen- 
sional structure such as polyurethane rubber, in which flow would be ruled 
out as a rate-controlling step. 

For natural rubber and polysulfides at high temperatures, a good fit was 
found to the equation f/fy = e ‘/", in which 7 is a characteristic relaxation 
time, and this also approximately fits the chemical stress decay of polyure- 
thane rubbers. The magnitude of + may be calculated as the reciprocal of 
the time required for the force to reach 1/e of its initial value. By identifi- 
cation of 1/7 with a chemical rate constant k, it is then possible to determine 
an activation energy for the process. A composite plot of —log r or log k 
vs. 1/T is given in Fig. 4. Activation energies were computed from the 
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Fic. 4. Intermittent relaxation of Adiprene B. 


© ADIPRENE B 


TABLE I 
Sample Activation energy 
Vulecollan A 29.9 + 2 
Vulcollan B Sy Tes al 
Vulcollan C 34 + 8 
Adiprene B 30.5 + 0.5 


slopes in the usual way and are summarized in Table I. It is seen that all 
have the same order of magnitude, and the sample which shows the most 
rapid stress decay (Adiprene B) relaxes only about 2.5 times as fast as the 
Vulcollan B, which is the slowest. 

Referring to Fig. 2, the results of the intermittent runs are in marked 
contrast to the continuous stress relaxation. The intermittent curves for 
Vulcollan C are similar to this. Since the decay of stress here is due to the 
difference between the rate of bond formation and the rate of bond cleavage, 
it is apparent that considerable reformation of bonds is taking place. 


Effects of Added Substances 


Preliminary experiments were begun to determine the effects of extra- 
neous chemical substances introduced into the rubber. Vulcollan A was 
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immersed in water at 90°C. for 1 hour, with weight increase of 2%, and 
then its stress decay characteristics determined at 90°C. in an atmosphere 
containing water vapor. No difference between treated and untreated poly- 
mer was discernible in either the continuous or intermittent relaxation 
curves. To determine the effect of incorporated hydroxyl groups, a com- 
pound was sought in which a high degree of weight retention was available 
at elevated temperatures. A specimen of Vulcollan B was immersed in 
polyethylene glycol “300” at 80°C. for 1 hour. There resulted an initial 
weight increase of 16%, and at the end of 40 hours in a circulating oven at 
110°C., about half of this quantity was still present in the rubber. A 


marked physical change had also appeared, in that the rubber became 
very soft and possessed very low tear strength. More quantitative informa- 


tion is provided by the comparison of the continuous stress relaxation 
curves for both the untreated sample and the one in which polyethylene 
glycol was present. For the untreated sample at 110°C., the time to attain 


1/e of the initial retractive force is 19 hours, contrasted with 6.8 hours for | 


the treated sample. The mechanism for this reaction is not yet known; the 
glycol groups could presumably exchange with the main-chain polyester 
linkages or possibly with the urethane linkages. 


Structure of Polymers 


A brief review of the general methods of preparation of these polymers 
will reveal the labile points at which network scission might be expected. 
The basic process may be divided into chain formation, chain lengthening, 


and network formation. Common to all three Vulcollans was the starting » | 


material of polyester of molecular weight 2000, prepared from adipic acid 
and a mixture of ethylene and propylene glycols. By addition of a 30% 
excess of a diisocyanate, generally aromatic, it was possible to link two or 
three of these chains together by formation of urethane bonds. Further 
lengthening of the chains is possible through the following processes, 
outlined by the Bayer papers: 

A). Addition of water will cause the elimination of carbon dioxide be- 
tween two isocyanate groups through formation of a substituted urea 
bridge, viz., 


NCO + OCN 


sp dal) > 


N= ON + CO, 
a eS 
O 


B). Addition of a glycol proceeds by linking two polyester chains through 
formation of adjacent urethane groups, viz., 


NCO + OCN 


spe Oa Ra Oran 
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C’). Addition of a diamine leads again to the coupling of two polyester 
chains through adjacent urea groups, viz., 


NCOT + OCN 


+ H,N-——-R—NH, —? 
O 


) 
N—C—N—R—N—C—N 
H H H H 


Cross-linking in the case of (A) and (C) is thought to proceed via reaction 
of the hydrogen atoms in the newly formed urea groups with isocyanate 
polyester chains still present. Analogous reactions of low molecular weight 
disubstituted ureas have been found to proceed in this manner, through 
formation of new urea linkages, giving a substituted biuret structure. In 
like manner it is reasonable to assume that the hydrogen atoms in the 
newly formed urethane groups of (B) furnish the sites for cross-linking. 
Lower molecular weight analogues of this reaction are likewise known. In 
the elastomer formation, however, it is at present not known whether one 
or both of the urethane hydrogens are capable of further reaction. 
Complete information regarding the formation and structure of Adiprene 
B is not at present available, although it is known that the main network 
chains are formed from polyethers, rather than polyesters, and the chain 
lengthening process also proceeds via formation of urethane bonds. 


Possibilities for Bond Scission 


1. Ester cleavage. Referring again to the experimental stress relaxation 
data, it seems reasonable to rule out the possibility of stress decay by virtue 
of ester-ester interchange, since parallel behavior is shown by the polyether 
urethane as well. In addition, previous experiments in this laboratory (17) 
show that a much slower chemical decay of stress is present in elastomeric 
polyester vulcanizates of both the Paraplex type and the similar polyester 
rubbers of the succinic acid-propylene glycol type (vulcanized by benzoyl 
peroxide) which were originated in the Bell Telephone Laboratories. For 
example, in a continuous stress relaxation experiment at 130°C., the time 
required to reach 1/e of the initial value of the modulus was 75 hours for 
the Bell Telephone rubber. These times varied from 34 hours to 240 hours 
for the Paraplex series. On the other hand, for the Vulcollan type rubbers 
the relaxation times were approximately 1 hour at 130°C. 

2. Urethane cleavage. Simple low molecular weight urethanes are 
known to be thermally unstable. The presence of the corresponding iso- 
cyanates has been noted by Hofmann (18) upon distillation of phenyl, 
tolyl, and naphthyl urethanes. An extensive investigation has been made 
by Petersen and others (4) on decomposition products of urethanes formed 
from low molecular weight diisocyanates. By use of their “‘Cellit”’ (acetyl- 
cellulose) test, it was possible to define a characteristic decomposition 
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temperature for each urethane. For many of these compounds characteristic || 
temperatures of 180°C. were found, although a few extended as low as |) 
120°-130°C. It is therefore not impossible that urethane cleavages in the || 
elastomer are responsible for the observed stress decay. || 

3. Disubstituted ureas. Simple low molecular weight disubstituted ureas 1) 
are also known to be thermally unstable. Utilization of the thermal decom- |] 
position of substituted ureas has led to the synthesis of isocyanates by i 
vaporization of ureas in the presence of hydrogen chloride (19), although a 
temperature of 370°C. was required for 99 % dissociation. Qualitatively the 
presence of isocyanates has been observed in liquid phase decomposition of 
ureas (20), in solution (21), and by distillation of molten disubstituted 
ureas (22), and treatment of molten ureas with phosphoric anhydride (18) 
or dry hydrogen chloride (23). The difficulty of applying this decomposi- 
tion as a synthetic method lies in the recombination of products. This 
recombination appears relevant to the interpretation of our intermittent 
stress curves, which measure the net change between bonds cleaved and 
bonds reformed. 

In many cases the cross links are very probably trisubstituted urea link- 
ages. These would also be a possible site for bond scission, and we feel 
instinctively that this is a very likely possibility. 

4. Urethane vs. substituted urea linkages as the labile sites. It has not 
been possible, with the data at hand, to ascertain more definitely the actual 
site of network scission. 

If scission were to occur at cross links only, the relaxation time at a given 
temperature would be independent of the modulus of the specimen, i.e., 
independent of the concentration of cross linkages. If the scission occurs 
at urethane linkages between cross links, then the relaxation time would be 
inversely proportional to the number of urethane linkages between cross 
links, i.e., it would be shorter for specimens of low modulus. For certain 
rubbers the substituted urea linkages might occur only at the cross links. 

A possible clue as to which bonds are being attacked might be obtained 


by studying rubbers prepared from polyesters of different degrees of 
polymerization. 
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POLYETHYLENE 
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The viscoelastic behavior with respect to time and temperature of linear 
polymers in which crystalline regions are present are in marked contrast 
to that shown by a typical linear amorphous polymer such as polyiso- 
butylene. Recently published data obtained in this laboratory for the stress 
relaxation of polytrifluorochloroethylene are illustrative of the differences 
which may be expected (1). In addition to a much slower decay of stress 
throughout the transition region of polytrifluorochloroethylene, an exten- 
sion of the transition region through a wider temperature range is also 
manifested. The presence of specific structural features such as the amount 
of crystallinity and orientation of crystallites vitiates the general equiva- 
lence of time and temperature through a horizontal translation in loga- 
rithmic time (2), and also introduces a vertical translation along the log 
modulus axis. It was of interest to characterize the viscoelastic properties — | 
of another crystalline polymer, polyethylene, and to correlate it with 
measurements of crystallinity and birefringence. J 

The accompanying diagram illustrates the variation of the logarithm of 
the relaxation modulus as a function of log time for varying temperatures 
between —65°C. and 105°C., a few degrees below its melting temperature. 
Measurements were made on samples of polyethylene, Monsanto E-73, up 
to 80°C. on the glassy state relaxometer described in a recent article (3) 
and continued beyond that temperature by means of the Firestone Re- 
laxometer (4), especially adapted for strip samples (5). Agreement between 
the two methods is shown by the coincidence of data obtained at 80°C. 
Extensions corresponding to the curves at 90°C. and 105°C. were 10%; 
those at other temperatures were 5% or less. An extension of 10% at 80°C. 
resulted in a modulus which was 20% lower than at 5% extension. 

A notable similarity exists between polyethylene and polytrifluoro- 
chloroethylene. For both polymers, the transition region between rubbery 
and glassy modulus is spread over a wider temperature range than for an 
amorphous polymer and in this region relaxation is not rapid. The rela- 
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tively larger decrease of 0.01 hour modulus values with increasing tempera- 
ture especially near the melting point has its origin in the relatively large 
decrease of crystallinity as the melting temperature is approached. Deter- 
minations of percentage of crystallinity and shear modulus as a function of 
temperature bear out this correlation (6). 

Little or no relaxation of the birefringence between 40°C. and 100°C. 
has been previously noted, although its initial value progressively decreases 
with increasing temperature (7). The stress relaxation curves obtained by 
these workers (7) between 40°C. and 100°C. are also in general agreement 
with those of this writing. X-ray determinations of scattering intensity of a 
stretched sample of polyethylene are also indicative of the approximate 
constancy with time of the percentage of crystallinity and orientation at a 
particular temperature (8). Both birefringence and X-ray results indicate a 
marked decrease in per cent crystallinity and in orientation of the stretched 
samples as the temperature is raised, particularly near the melting point, 
but time effects seem to be small. This agrees with the stress relaxation data. 
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ABSTRACT 


The force area characteristics of adsorbed films of some ketones and alcohols at 
the benzene-water interface have been investigated. It has been found possible to 
relate the film characteristics to the sizes of the molecules concerned. The technique 
may thus be of assistance in identifying other surface-active compounds. 


INTRODUCTION 


The structures of surface-active compounds can often be determined by 
studying the characteristics of their monolayer. The structures of acids, 
esters, sterols, hormones, and other complex organic molecules have all 
been investigated by this technique. In the past, most of the work has been 
carried out on monolayers at the air-water interface. Relatively little has 
been done at the oil-water interface. 

The reason for this is the experimental difficulty involved. There are few 
compounds which are insoluble in both oil and water and whose monolayers 
at this interface can therefore be studied directly with a Langmuir Trough. 
Again, the operation of this instrument at the oil-water interface is a matter 
of considerable difficulty (1). In the case of surface-active compounds which 
are soluble in one or other of the two phases it is necessary to calculate force- 
area characteristics of the adsorbed film. This involves employment of the 
Gibbs’ adsorption equation and may, in certain cases, result in considerable 
errors. 

The oil-water interface, however, is of considerable interest in both 
biological and nonbiological systems. It frequently happens that it is the 
more convenient one to use. Thus in trying to categorize the hydrophilic 
compounds which occur in mineral oils, it is convenient to float the oil 
on water and study the film which is adsorbed at the interface between the 
two liquids. Very little work of this nature has so far been published. The 
aim of the present work has been to extend the experimental data, and to 
see whether a convenient relationship between monolayer characteristics 
and molecular structure can be discovered. Such a relationship at the 
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oil-water interface might assist considerably in identifying the hydrophilic 
compounds which develop in mineral oils. 


EXPERIMENTAL 


The experiments now reported were carried out at the benzene-water 
interface. Ketones and alcohols were used to produce the adsorbed films, 
and the characteristics of these determined by application of the Gibbs’ 
equations. 

Preparation of Materials. High-grade commerical materials were puri- 
fied by standard methods. B.D.H. ‘molecular weight” benzene was used 
without further purification. The water for interfacial tension measure- 
ments was distilled twice through all-glass apparatus. Melting points, 
boiling points, and refractive indices of the materials finally employed 
agreed well with reliable literature values. 

Measurements. Solutions of known concentration were prepared in 
benzene. Interfacial tensions were measured at 20°C. with the Du Noiy 
tensiometer using the platinum ring. The scale reading at rupture of the 
interfacial film was converted into interfacial tension by substituting into 
the following equation (2): 


y = P{0.725 + (0.0145 P/C?(D — d))'}. (1] 


Here y = interfacial tension in dynes/em. 
P = scale reading at rupture in dynes/cm. 
C = circumference of platinum ring (here 4 cm.) 


D = density of water at 20°C. 
d = density of sample at 20°C. 


Freezing points of the solutions were measured in the standard form of 
Beckman apparatus. 


RESULTS 


The experimental results are set out in Table I. In these tables Ng is 
the molar concentration of the solute; y the interfacial tension; and 6 the 
freezing point depression. I denotes the surface excess of the adsorbed 
molecules, the superscripts 1, VN, and U referring to the three conventions 
used for defining the position of the oil-water interface. These conventions 
have been fully explained elsewhere (3, 4). 


The relevant equations now used for calculating the surface excesses 
are 


9 
Po Ns Ty dy . 
, No UT30'* U2} 
Dy =P eee Noe [3] 
ees (soln + Ns)/(NoAo + NsAs). [4] 
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TABLE I 
Interfacial Tensions and Freezing Point Depressions of Solutions in Benzene 
_ oy Tg) rg(%) rg(Y) Moa F, 
06 gram moles/cm2 X 100 : dynes/cm. 
Acetophenone 
2.85 0.812 0.805 0.529 316 3.4 
1.93 0.995 0.975 0.663 250 4.7 
il 955 1.21 1.18 0.828 200 6.2 
1.05 1.52 1.43 1.07 156 8.0 
0.612 1.52 1.39 1.19 140 9.9 
0.491 1.58 iL 30/ 1.26 132 10.8 
0.394 1.58 13d 1.38 121 11a) 2% 
Benzil 
5.09 0.485 0.485 0.513 324 Thal 
4,25 1.20 1.19 12, 131 Be 
3.12 2.19 2).12 2rol 72.1 Ui 
2.04 2.01 1.94 2.20 76.0 8.8 
132 1.96 1.86 2.24 74.6 10.4 
1.02 2.53 2.31 2.94 56.9 12:1 
Benzophenone 
2.76 0.293 0.291 0.319 521 il 
2.28 0.518 0.514 02572 290 1.9 
1.38 0.790 0.776 0.925 180 3.4 
1.02 1.21 1.16 1.45 115 5.2 
0.661 1.23 1.14 1.60 104 6.4 
0.475 ibys a 1.00 1.56 107 6.9 
0.345 1.14 0.916 1.69 98.6 ft 
Benzoyl acetone 
2.19 0.105 0.105 0.118 1410 0.2 
2.08 0.217 0.215 0.244 682 0.4 
1.87 0.431 0.427 0.489 341 ial 
1.74 0.925 0.905 1.04 160 274 
1.69 2.22 2.12 2.45 67.7 4.9 
1.45 2.59 2.48 2.86 58.1 6.2 
1-21 2.78 2.50 3.05 54.5 Gall 
Cyclohexanone 
4.28 0.571 0.571 0.609 274 2.0 
2.66 i! asl 1.29 1.42 118 5.0 
1.99 1.82 Wes 1.97 84.4 1 ote! 
1.53 2.58 2.42 2.85 58.5 10.3 
128 2.95 2.71 3.28 50.8 12.0 


aor nNe OO 


54 


Ns 


0.0000 
0.0046 
0.0110 
0.0351 
0.0664 
0.0910 
0.1100 


0.0000 
0.0050 
0.0098 
0.0194 
0.0380 
0.0655 
0.1079 


0.0000 
0.0040 
0.0106 
0.0212 
0.0355 
0.0592 
0.0991 


% 
dynes/cm. 


34.0 
33.0 
32.2 
30.0 
27.8 
26.5 
25.7 


34.2 
30.5 
27.0 
24.0 
20.6 
18.8 
16.3 


34.0 
30.0 
24.5 
21.4 
19.7 
18.1 
16.0 


0.278 
0.638 
1.021 
1.401 
1.925 
2.745 
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TABLE I—Continued 


ay Pg) rg(%) rg(¥) 2 
Tey gram, moles/cm.2 K 101 Aya 


Phorone 


2.32 0.283 0.283 0.314 541 
oct 0.522 0.520 0.596 279 
1.34 1.28 1.24 1.48 113 


0.965 1.82 1.70 2.16 76.9 
0.652 1.73 On 2S 76.3 
0.548 1.79 1.45 De2e 74.6 
Decanol 
15.0 2.00 1.99 2.02 82.5 
13.5 SeOe 3.50 3.58 46.7 
Cath 3.94 3.84 4.07 40.9 
5.00 out 4.81 5.30 Slee 
3.54 6.60 6.18 6.65 25.1 
2.20 7.08 6.38 Gok Dom 
Octanol 
18.8 2.00 2.00 2.03 82.4 
10.0 2.85 2.81 2.89 Died 
5.85 3.36 3.31 3.46 48.2 
3.90 3.78 3.65 3.90 42.8 
3.16 5.28 5.07 Deol 30.2 
PAPA 6.45 5.88 6.59 25.4 


Ty is the freezing point of the solvent benzene. 

L its latent heat of fusion. 

T the absolute temperature. 

As is the area per molecule of the polar solute which may be taken as 
22 A.” without significant error. 

Ao that of the benzene molecule which is taken as 24 A.”. 

No is the mole fraction of the solvent. 


The area, A, per polar molecule in the adsorbed film is given by: 


1 
A= (U) 
8 


’ 


Ls 


the force, 7, in the surface being obtained from 


Tae Olean 5 


where o is the interfacial tension of the pure solvent. 
As the force + is increased the area per polar molecule decreases. The 


F, 
dynes/cm 


[5] 


[6] 
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Force, 7 dynes/cm. 


0 100 200 300 400 500 
Area/molecule in A2 


Fic. 1. Force-area curves for ketones adsorbed at the benzene-water interface. 
A Acetophenone; O Benzil; X Benzophenone; O Benzoyl acetone; * Cyclohexa- 
none; V Phorone. 


20 
15 


10 


Force, am dynes/cm. 


0 20 40 60 80 100 
Area/molecule in A@ 


Fic. 2. Foree-area curves for alcohols adsorbed at the benzene-water interface. 
© Octanol; X Decanol. 


resulting 7 A curves have been plotted in Figs. 1 and 2 for the compounds 
now studied. 

The curves are subject to two main sources of error. 

Firstly there are the errors of measurement. Freezing points are prob- 
ably correct to within +0.005°C., interfacial tensions to within +0.2 
dynes/cm. But the error involved in deriving dy/00 from the slope of the 
y versus @ curve is probably of the order of +5% and may be greater 
when the slope is steep. 


56 N. PILPEL 


Secondly the equations used for calculating the surface excesses are 
strictly valid only under ideal conditions. These are not realized in prac- 
tice. One important condition is that only very dilute solutions (<0.01 M) 
are used. At concentrations >0.05 M the assumption that the solute 
molecules are unassociated is no longer true. This is shown by departure 
from linearity of the plots of freezing point against concentration, partic- 
ularly for the alcohols. Some allowance however, is made for this by the | 
6 term in Eq. [2]. 

The fact, however, that the 7A curves for the simple straight-chain 
alcohols become asymptotic at about 21 A.” supports the validity of the 
treatment, since direct measurement with the Langmuir Trough at the 
air-water interface has shown this to be the area at close packing of these 
molecules (5). 


DISCUSSION 


The 7A curves obtained by the present method are incomplete. For the 
ketones the greatest force that can be applied to the adsorbed film is about 
12 dynes/cm., while for the alcohols it is about 18 dynes/cm. Nevertheless 
some useful deductions can be made. 

The ketones give smooth 7A curves and there is no indication of a 
change of state in the adsorbed film. The alcohols, however, exhibit points 
of inflexion between 12 and 14 dynes/cm. and this is ascribed to a change 
of state from liquid expanded to liquid condensed. 

Langmuir has shown (6) that expanded films at the air-water interface 
obey an equation of the type 


(x — m)(A — Ao) = C. [7] 


In this 7 is a measure of the van der Waals’ forces between nonpolar 
groups, while Ao is the co-area of the polar heads. This equation has been 


shown to apply also to insoluble films of proteins at the oil-water inter- 
face (7). 


TABLE II 
Cross-Sectional Areas of Molecules 
Substance dylecone C He HE Caledatd area, 
Acetophenone —0.8 1188 30.3 35.4 
Benzil +0.5 194 AYE oi 56.2 
Benzophenone +0.5 350 ATane 47.8 
Benzoyl acetone +0.7 94 42.1 49.0 
Cyclohexanone +0.4 421 18.2 26.5 
Phorone +0.5 245 42.2 44.2 
Decanol +1.9 92 29.7 — 
Octanol —2.3 405 21.5 = 


MOLECULES ADSORBED AT THE BENZENE-WATER INTERFACE 57 


It is now found that over the liquid expanded region the present 7A 
curves obey the Langmuir equation quite satisfactorily. Numerical values 
of 7 and A taken from the curves have been substituted into Eq. [7]. The 
resulting values of 7, Ao, and C are set out in Table II. It is seen that 
in all cases, ro numerically is small. This is to be expected since the hy- 
drophobic tails of the adsorbed molecules are dissolved in the oil phase. 
The negative value of 7 in the case of acetophenone must be attributed 
to a combination of experimental error, weakness in the method of cal- 
culation, and departure from the ideal behavior predicted by the Lang- 
muir equation. 

If it is assumed that condensation of the films takes place when the 
spheres of influence of the molecules begin to overlap, it follows that Ao 
should be a measure of the area occupied by each molecule when these 
begin to “touch.’”? The ketones now used have relatively rigid molecules 
and for them ‘‘touching” is more or less synonymous with close packing. 
This explains why their curves exhibit no condensed region. In the case 
of the alcohols however, the molecules have a long chain of C and H 
atoms, which can be tilted from the vertical at the benzene-water inter- 
face. Interaction between the molecules can commence before close pack- 
ing and this accounts for the region in which the adsorbed film is con- 
densed. 

It is now possible to see whether the values of A» obtained from the 
Langmuir equation do in fact agree with the cross-sectional areas of the 
molecules concerned. For illustration the case of acetophenone is con- 
sidered. 

At the benzene-water interface the adsorbed molecules will be orientated 
as shown in Fig. 3. The molecules are planar. If one assumes an angle of 
110° between the benzene ring and the methyl group, and uses published 
values of bond lengths (8, 9), it is found that the distance xz in Fig. 3 is 
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Fig. 3. Acetophenone molecule at the benzene-water interface. 
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about 6.6 A. Multiplying this by 5.4 A. (the assumed thickness of the 
benzene ring’) gives a cross-sectional area of 35.6 A,” This compares with 
an Ao value of 30.3 A.’. 

The molecules of the remaining ketones have been assumed to have 
the same orientation at the interface as acetophenone. The thickness of 
the phorone molecule has been taken as 4.6 A. (the distance between the 
centers of neighboring —-CH,— chains), while the C—C—CH; angle is 
assumed to be 124°. The cross-sectional areas thereby calculated are com- 
pared in Table II with Ao values derived from the 7A curves. 

It is seen that for the six ketones the calculated areas differ from the 
values of Ay by less than 10 A.”. This agreement is considered very rea- 
sonable in view of the several assumptions that have been made in deriv- 
ing +A curves, in calculating values of Ao, and in calculating the cross- 
sectional areas of the molecules concerned. (For example, the C—C—C 
angle in cyclohexanone has been taken as 109° (9). At the interface it is 
likely to be greater than this as a result of deformation of the molecules 
(10). This would account for the low value of Ao obtained). 

We now consider the +A curves of the two long-chain alcohols. Both 
exhibit regions in which the adsorbed film is presumably condensed (11). 
The condensed portions of the curves tend to a minimum area of about 
20 A.”, which is near to the figure of 21 A.” for close-packed straight-chain 
alcohols. 

The expanded regions of the curves obey the Langmuir equation fairly 
well, though not as well as the ketones. For octanol Ao is 21.5, while for 
decanol it is 29.7. These admittedly rather approximate values are both © 
greater than 21 A.’, which indicate that at the interface the molecules are 
tilted from the vertical, so that interaction between the nonpolar tails 
occurs before close.packing of the OH heads. 

On this assumption one would expect the values of Ao to coincide with 
the points of inflexion in the 7A curves. That they do not must be at- 
tributed to departure from ideal behavior of the expanded films. 

It appears then, for the compounds now studied, that Ao gives some 
indication of the area occupied by each molecule when interaction between 
them commences. In the case of the rigid ketones interaction coincides 
with “touching” and Ao can be taken as the cross-sectional areas of the 
molecules. In the case of long-chain alcohols tilting occurs and Ao is thus 
greater than the cross-sectional area. For such compounds the required 
area is given by the value of A when the +A curve becomes asymptotic. 

This correlation between A characteristics and the sizes of the mole- 


cules may be of assistance in identifying unknown compounds adsorbed 
at the oil-water interface. 


1 This assumption leads to values of the cross-sectional areas of benzene, choles- 
tanol, etc., in reasonable agreement with the accepted values. 


MOLECULES ADSORBED AT THE BENZENE-WATER INTERFACE 59 


ACKNOWLEDGMENTS 


The author wishes to thank the directors of British Insulated Callender’s 


Cables for permission to publish this work. He is indebted to Mr. T. Platts 
Mills for carrying out the measurements. 


SUMMARY 


The force-area characteristics of adsorbed films of some ketones and alcohols at 


the benzene-water interface have been investigated on the assumption that the 
adsorbed film is monomolecular and that Gibbs’ equations hold. For small, relatively 
rigid molecules it has been possible to relate the film characteristics to the sizes of 
the molecules concerned, and the method may therefore be of assistance in identifying 
other surface-active molecules adsorbed at the interface. 
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ABSTRACT 


Films of fatty acids from 12 to 22 carbons were prepared by adsorption on glass 
microscope slides from cetane solutions. Variations in density were achieved (1) by 
using a range of concentrations with a fixed short time of immersion and (2) by 
subsequent immersion in cetane of the most dense films. 

Electron diffraction patterns showed an increasing average tilt of the molecules 
relative to the surface normal with decreasing length of the molecules but no appar- 
ent change in tilt with variations in surface density. The contact angles exhibited 
by drops of cetane on the films decreased markedly from a maximum of 43-44° when 
the density of the adsorbed molecules on the surface was decreased, but were inde- 
pendent of the variations in tilt and length of the molecules. 


INTRODUCTION 


Previous investigations (1, 2) have shown that polar organic compounds, 
such as the fatty acids and the corresponding alcohols, amines, and amides, 
adsorb from solution in nonpolar organic solvents onto clean solid surfaces 
to form films which have the interesting property of being very poorly 
wetted by the solutions and the pure nonpolar solvents. As the film-covered — 
surfaces are withdrawn from the solutions, the liquid recedes, leaving the 
film-covered surfaces dry. Drops of the solutions or of the pure nonpolar 
solvents which are subsequently placed on the surfaces show contact angles 
of as much as 40° and move about freely as the surfaces are tilted. To de- 
scribe these properties briefly the films are commonly referred to as being 
‘““oleophobie.” 

Although these oleophobic films have been studied rather extensively, 
their detailed structure has not yet been determined nor related to their 
oleophobic properties. In the early studies of the formation and properties 
of the films (1), it was concluded that they consisted of monolayers of 
closely packed polar molecules in which the molecules were attached to the 
surfaces by their polar groups and were oriented with their hydrocarbon 
chains perpendicular to the substrate surfaces. The outer surfaces of the 
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ilms were thus considered to consist of a nearly continuous array of methyl 
groups, and the difference in the character of this methyl-rich surface and 
the predominantly methylenic organic liquids was proposed as the basic 
reason for the incomplete wetting of the hydrocarbon films by the nonpolar 
hydrocarbon liquids. Subsequent electron diffraction studies (3, 4) con- 
firmed these basic structural concepts, but showed that the molecules were, 
on the average, tilted several degrees in random directions from the surface 
anormal, and evidence was obtained indicating that the average tilt varied 
Jepending on the roughness of the substrate surfaces. More recently (5) 
electron microscope studies of the films have led to the proposal of a struc- 
bural model in which the molecules associate in cluster or micelles about 100 
A. in diameter. Owing to the difference in the diameters of the hydrocarbon 
shains and the polar groups, this model proposes that the molecules tilt to- 
ward the centers of the micelles somewhat like the corn stalks in a corn 
shock. This general arrangement for the molecules is consistent with obser- 
vations on the rate of evaporation of the adsorbed molecules from the sur- 
aces at elevated temperatures (6). A further interesting feature of this 
model is the proposal that the average tilt of the adsorbed molecules should 
lecrease as the length of the hydrocarbon chains of the molecules increases. 

The present investigation was undertaken to obtain more information on 
the factors affecting the structures and the oleophobic properties of the 
ilms. The principal factors which have been considered here are: (/) 
variations in the length of the polar molecules and (2) variations in the 
werage density of the polar molecules on the surfaces. Studies have been 
nade of films of each of the fatty acids from 12 to 22 carbon atoms in 
ength. In addition the films have been prepared and treated in ways de- 
igned to introduce systematic variations in the average density of mole- 
ules on the surfaces. The structures of the films were examined by electron 
liffraction, and their oleophobic properties evaluated by measuring the 
i\dvancing contact angles of drops of cetane placed on the films. 


EXPERIMENTAL METHODS 


The films studied here were prepared on glass microscope slides by ad- 
orption from cetane solutions. The fatty acids used include: lauric, my- 
istic, palmitic, stearic, arachidic, and behenic acids. These acids were 
urnished by the Chemical Division of the Procter and Gamble Company 
nd were all reported to be at least 95% pure. Their respective melting 
yoints were: 44.1°, 57.5°, 63.7°, 69.4°, 76.0°, and 80.5°C. The cetane was a 
ommercial grade material having a melting range of 17.3°-17.8°C. To 
nsure its freedom from adsorbable impurities, the cetane was passed re- 
yeatedly through columns of activated silica gel and alumina until drops 
laced on both strongly alkaline and strongly acid water showed no tend- 
ney to spread. This has been shown to be a satisfactory test for the ab- 
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sence of polar impurities for solvents used in preparing films by adsorption | 


from solution (1). 


Glass microscope slides were chosen as substrates for the films because | 
electron microscopic studies (7) have shown their surfaces to be highly || 
polished to a uniformly smooth condition, and it was hoped to avoid varia- | 
tions in the roughness of the substrate and to eliminate the tedious polish- | 
ing procedures which would be necessary to produce comparable surfaces | 


on metals or minerals. 


Some difficulty was encountered in cleaning the slides so that they would | 
adsorb films having reproducible properties. After considerable experimen- | 


tation, a procedure was adopted consisting of the following sequence of 


operations: (1) thorough washing in a hot detergent (Tide) solution, (2) | 
thorough rinsing with hot water, (3) immersion for 10 to 15 minutes in | 
cold chromic-sulfuric acid cleaning solution, (4) thorough rinsing with | 
steaming distilled water running directly from a still equipped with a | 
block-tin condenser, (6) immersion for 30 minutes in hot distilled water | 
followed by a final rinse with the steaming distilled water. The slides | 
were then hung at one corner with stainless steel wire clips in a clean drying | 


oven with a stainless steel interior and were dried at 150°C. for 4 hours. 
Upon removal from the oven they were stored until use in glass-stoppered 


bottles. In all these operations the slides were handled with acid-cleaned, | 
glass-tipped tweezers, and extreme care was exercised to avoid scratching or | 
marring their surfaces. Even with most careful adherence to this procedure 


variations were occasionally observed in the behavior of slides cleaned in 


different batches. Therefore, slides for a given series of experiments were 
cleaned at the same time, and comparisons have been made only for slides | 


cleaned in the same batch. All the glass-stoppered bottles and other glass- 
ware used in these experiments were cleaned by a process similar to that 
used with the slides. 

The electron diffraction examinations were made by the reflection method 
using a General Electric electron diffraction instrument operating at an 
electron-accelerating potential of 35 kv. Some difficulties were encountered 
owing to the accumulation of electrostatic charges on the nonconducting 
glass slides. The usual procedure of bombarding the surfaces with low- 
energy electrons was found to destroy the monolayers in many instances 
and therefore could not be used. It was found that good patterns could be 
obtained by using a low-intensity electron beam and an angle of incidence 
of the beam relative to the slides which was somewhat larger than is gen- 
erally used in reflection studies. Consequently, the first-order reflections 
from the adsorbed molecules were usually masked by the shadow of the 
slides, and the patterns showed a rather high background which caused 
some difficulty in the analysis of the patterns. The interpretation of the 
electron diffraction patterns in terms of the structure of the monolayers 
has been described by Karle and Brockway (4). 
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The contact angles of the cetane drops were determined by the sessile 
drop, or drop-on-plate, method. To insure that the drops exhibited advanc- 
ing angles, they were formed on the surfaces with a hypodermic syringe 
which was operated through micrometer screw controls permitting the tip 
of the syringe to be slowly withdrawn from the drops while the cetane was 
being ejected and the drops were growing in size. The contact angles (6) of 
the drops were calculated from their maximum heights (h) and maximum 
widths (w) using the formula tan 6/2 = 2h/w. This relationship is valid 
for drops having the shape of spherical segments but has been shown by 
Mack (8) to be applicable in general only to drops which are less than 0.5 
mm. in diameter. To insure compliance with these conditions, all of the 
drops measured here were smaller than this. The drop dimensions were 
measured with a horizontal telescope equipped with a 5X objective and a 
12.5 filar micrometer eyepiece. With this instrument measurements could 
be reproduced to +.002 mm., which corresponds to an uncertainty of no 
more than 0.5° in the determination of the contact angles. 


RESULTS 


Two series of experiments were used to study the effects of the average 
density of the adsorbed molecules on the structure and oleophobic proper- 
ties of the films. The first of these, which also included studies of the effects 
of variations of the length of the adsorbed polar molecules, was carried out 
with films of each of the fatty acids prepared from solutions ranging in 
concentrations from 1 X 10-* to 5 X 10 molal, using a constant period of 
immersion of 5 seconds for depositing the films from each solution. The 
period of immersion was chosen relatively short so that it would be unlikely 
that the adsorption process would be completed in the more dilute solu- 
tions. The density of adsorbed molecules would then increase with increas- 
ing concentration of the solutions. 


TABLE I 


Average Advancing Contact Angles for Drops of Cetane on Fatty Acid Films Deposited 
on Glass Surfaces by 5-Second Immersion in Solutions of Different Concentration* 


Molal concentrations of solutions 
Acid 
1 xetore SX 1074 1 10s 5 X 1073 1 X 10-2 5 xX 1072 
Behenic — — 44° N.S. INES: NS. 
Arachidic 43° 43° 44° N.S. N.S. NSS. 
Stearic 42° 44° 44° 44° N.S. N5S. 
Palmitic N.O. N.O. 41° 44° 44° N.S. 
Myristic N.O. N.O. 36° 43° 44° N.S. 
Lauric N.O. N.O. 25°-36° 39° 42° 43° 


4 Bach value is the average for not less than 5 different drops on each of 5 different slides; the individual 
measurements lay within +1° of the average (except for lauric acid at 10% molal). 

N.O.—not oleophobic. 

N.S.—indicated concentration exceeds solubility. 
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The results of the contact angle measurements on the films formed under 
these conditions are summarized in Table I. Films prepared from suffi- 
ciently concentrated solutions of each acid showed maximum contact angles 
of 43-44°. The concentrations required for this were near the solubility 
limits for the various acids at room temperature and ranged from about 
1 X 10-* molal for arachidic acid to about 5 X 10~° molal for lauric acid. 
With decreasing solution concentrations, the contact angles decreased, the | 
effect being somewhat greater for the shorter acids than for the longer ones. 
Below concentrations ranging from about 1 X 10~* molal for lauric and 
myristic acids to about 1 X 10~ molal for stearic and arachidic acids, 
periods of immersion greater than 5 seconds were required to produce 
oleophobic films. 

Electron diffraction studies were made on each of the slides after com- 
pletion of the contact angle measurements and on several additional slides 
prepared immediately before insertion into the diffraction camera. Diffrac- 
tion patterns consisting of well-defined, arced layer lines were obtained 
from all films except those of lauric acid. These patterns are similar to 
those reported by Brockway and Karle (3) in previous studies of acid films 
deposited by adsorption from solution, and by Germer and Storks (9) in 
studies of monolayers deposited by the Langmuir-Blodgett technique. For 
reasons as yet unknown, the photographs from the slides bearing the lauric 
acid films contained no features characteristic of long-chain organic mole- 
cules. The diffraction patterns from the other acids were analyzed, using 
the general principles outlined by Karle and Brockway (4), for indications 
of variations in the arrangement of the adsorbed molecules. Comparison 
of patterns from monolayers of the different fatty acids showed a slight 
increase in the curvature of the layer lines as the length of the fatty acids 
decreased. This is indicative of an increase in the average tilt of the mole- 
cules from the surface normal as the length of the hydrocarbon chains de- 
creases. The average tilts estimated for the different acids are as follows: 
behenic and arachidic, 2°; stearic, 4°; palmitic, 6°; myristic, 8°. These values 
were arrived at by estimating the maximum slope of the layer lines in a 
number of patterns for each acid, averaging, and considering this angle to be 
approximately equal to the average molecular tilt of the molecules. The 
general trend indicating an increase in the average tilt with a decrease in 
chain length of the molecules is considered to be reliable, although the 
separate values for the angles are probably not better than +3°. It is 
probable that the maximum molecular tilt in each case is as much as twice 
these average values. There were no detectable differences in the arcing of 
the layer lines in the patterns from solutions of different concentrations of 
the same acid, though the layer lines in patterns from the films prepared 
from the more dilute solutions were generally less intense relative to the 


background scattering than those from films prepared from the more con- 
centrated solutions. 
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Shdes which were immersed in the very dilute acid solutions for periods 
too short to produce oleophobic films were also examined by electron dif- 
fraction for evidence of oriented adsorbed molecules. A 1 X 10-® molal 
arachidic acid solution failed to produce oleophobic surfaces on slides im- 
mersed for a period of 15 minutes. After the liquid remaining on these 
slides was removed by centrifugation, very weak layer line diffraction pat- 
terns were obtained. Slides immersed in this solution for periods of 30 
minutes and 3 hours were oleophobic over parts of their surfaces and gave 
somewhat stronger layer line patterns. Slides immersed for 20 hours were 
oleophobic over their entire surfaces and produced layer line diffraction 
patterns of intensities comparable to those from films prepared from the 
more concentrated solutions. All these patterns were carefully compared 
with those obtained from films prepared from the more concentrated solu- 
tions, and there was no noticeable difference in the arcing of the layer lines. 

The second series of experiments to determine the effects of variations 
in the molecular densities of the films on their structure and properties was 
made with films of arachidic and stearic acids. These films were prepared 
from the 1 X 107% molal solutions, using a 5-second period of immersion, 
and were subsequently immersed for short periods in pure cetane to redis- 
solve some of the adsorbed molecules. It was found that the films would 
generally retain their oleophobic properties after immersion in the cetane 
for periods of as much as 7 to 10 minutes, but that the contact angles de- 
creased from the initial values of 43-44° to values just above 30° as the 
period of immersion was increased within these limits. Contact angle values 
observed in typical experiments with each acid are given in Table II. Each 
of these values is the average for measurements made on five or more drops. 
Electron diffraction patterns obtained from the depleted films were care- 


TABLE II 


Advancing Contact Angles (6) of Drops of Cetane on Fatty Acid 
Films Before and After Immersion in Cetane 


Slide 6 before immersion Time of immersion 6 after immersion 
Stearic Acid Films 
A 44° 4+ 1° 1 min. 40° + 1° 
B 44 2 37 
C 44 3 37 
D 44 5 33 
ik 44 6 31 
F 44 8 Not oleoph. 
Arachidic Acid Films 
A 44° + 1° 1 min. 40° + 1° 
B 43 3 39 
C 44 3 38 
D 44 5 35 
1, 45 ls 32 
F 44 8 Not oleoph. 
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fully compared with patterns from undepleted films. A decrease in the 
intensity of the layer lines, relative to the background, accompanied the 
decrease in the contact angles, but there were no detectable changes in the 
shapes of the layer lines such as would indicate changes in the orientation 
of the adsorbed molecules. 

A few experiments were also carried out with films of monopalmitin and 
monostearin formed by immersing microscope slides for 5 seconds in 1 X 
10- molal solutions of these compounds in the purified cetane. Drops of 
cetane showed advancing contact angles which averaged 41 + 1° on these 
films, and electron diffraction patterns of the arced layer line type were ob- 
tained from them. The patterns were generally less well defined than the 
patterns from the acid films and were correspondingly more difficult to 
interpret. The arcing of the layer lines was found to be somewhat greater 
than in the patterns of any of the acids, although there was no detectable 
difference between patterns from the two monoglycerides. The best estimate 
of the average molecular tilt was 12-15°. 


DISCUSSION 


From the contact angle measurements it is concluded that the most im- 
portant factor in determining the oleophobic properties of films of fatty 
acids, and similar polar organic compounds, adsorbed on solid surfaces is the 
density of the adsorbed molecules on the surfaces. Although a quantitative 
relationship has not been established, it has been shown that the depend- 
ence is a direct one such that decreases in the densities of the films are | 
accompanied by decreases in their oleophobic properties. This is particu- 
larly evident from the data of the depletion experiments recorded in Table 
II. In these experiments, the contact angles exhibited by drops of cetane 
on films of stearic and arachidic acids decreased from 44° to nearly 30° 
when the films were immersed in pure cetane to dissolve some of the ad- 
sorbed molecules from the surfaces. The contact angle variations shown in 
Table I for films formed from acid solutions of different concentrations are 
also consistent with this conclusion, for with a constant short period of 
immersion the number of molecules adsorbed on the surfaces would be ex- 
pected to increase with the concentrations of the solutions. 

It is also concluded that the length of the adsorbed polar molecules is 
not a major factor in determining the oleophobic properties of the films. 
The same maximum contact angle of 43-44° was observed for drops of 
cetane on films of all the acids which were prepared from their nearly 
saturated solutions (Table I). Wide variations in the contact angles of 
drops on films from the same acid were observed in the cases of myristic 
and lauric acids (Table I) and of arachidic and behenic acids (Table II). 

These conclusions are reasonable when it is considered that the oleo- 
phobic phenomena must arise from the replacement of the high-energy 
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surface of the substrate with a low-energy hydrocarbon surface upon which 
the hydrocarbon liquids do not spread. Since the van der Waals forces at- 
_ tracting the molecules of liquid to the surface are operative over distances 
_of only a few Angstrom units, it is clearly the characteristics of the outer 

surfaces of the films and not their thickness which determine their oleo- 
| phobic properties. For the ideal case of dense, insoluble films on completely 

smooth substrates, the oleophobic properties should be the same for films 
_ of acids only a few carbon atoms in length as for acids of many carbon atoms 
such as those studied here. 

In practice, however, the roughness of the substrate surface may be 
large compared with the dimensions of the polar molecules, and increasing 
the length of the molecules may well improve their ability to form films 
having the required surface characteristics. It is suggested that this ac- 
counts for the difference between the present results and those reported 
| previously (1) for films adsorbed on rolled platinum foil which showed an 
increase in contact angles with increasing chain length of amine films. The 
glass microscope slides used here were probably smoother than the rolled 
foil. 

The electron diffraction studies show variations in the average tilt of the 
axes of the polar molecules from the normal to the substrate which are re- 
lated to the lengths of the molecules. In films of the 14-carbon myristic 
acid the average tilt is estimated to be 6° more than in films of the 20-carbon 
arachidic acid. The molecular tilt also appears to depend on the size of the 
polar group as indicated by the fact that the tilt of the molecules in films 
of monostearin and monopalmitin is considerably greater than in films of 
acids of the same length. The other notable feature observed in the diffrac- 
tion patterns is that the intensity of the layer lines relative to the back- 
ground scattering decreases in films treated to give decreasing contact 
angles. 

Consideration of both the diffraction and contact angle observations 
shows no correlation between the contact angles and the tilt or length of the 
molecules. Films from the most concentrated solutions of the different acids 
show the same contact angles but different tilts. Soaking the films in pure 
cetane reduces the contact angle but does not change the tilt appreciably. 
The assumption that soaking reduces the surface density of adsorbed mole- 
cules is supported by the observed decrease in intensity of the diffraction 
patterns. 

It is of interest to consider the diffraction results in connection with the 
structural models which have been proposed for the films. The most in- 
teresting of these is the micelle model which was proposed by Epstein. This 
model is generally consistent with the electron diffraction observations and 
takes into account such general structural features as the randomness in 
direction of the tilt of the molecules and the occurrence of a range of values 
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of tilt. In addition it provides for the increase of the average molecular || 


tilt with a decrease in chain length and with an increase in the size of the 
polar groups, as was observed here. 

The early concept that the outer surfaces of the films must consist of 
closely packed methyl groups in order for the films to be oleophobic must be 
modified somewhat. Since the molecules show considerable tilt from the 
normal to the average surfaces, it is apparent that even in the most dense 
films considerable numbers of methylene groups of the hydrocarbon chains 
of the adsorbed molecules must be exposed in the surfaces of the films. 
Furthermore, the oleophobic properties persist even after considerable 


depletion of the films when even greater numbers of the methylene groups, | 


and even some areas of the substrate surfaces, are undoubtedly exposed. 


It must be emphasized that both of the above models were developed for | 


ideally smooth substrates. Surfaces in practice are nearly always rough on 


a molecular scale, and this could have a pronounced effect on the proportion | 


of methyl and methylene groups exposed in the surfaces of the films as well 
as on the energetics of the formation of micelles. The correlation of molec- 
ular tilt with chain length should include the influence of surface roughness. 
The molecular tilt observed in diffraction patterns is measured relative to 
the average surface and should be used only cautiously in deducing the tilt 
at the actual point of attachment in deriving structural models. A direct 
effect of surface roughness on tilt has already been noted (3) for cerotic 
acid films on platinum in which the observed maximum tilt of 30° on rough 


rolled platinum decreased to nearly 0° when the platinum was given a care-. 


ful metallographic polish. This effect should be even greater for acids of 
shorter chain length. Further studies of adsorbed films certainly should 
include the effect of surface roughness on their structures and oleophobic 
properties. 
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ABSTRACT 


With the object of illuminating the fundamental processes responsible for the 
electrification of aerosols, a number of measurements have been made to compare 
the initial distribution of charges carried by various aerosols with their final equilib- 
rium state. Measurements have been made on freshly condensed water droplets and 
sulfur particles, on beth freshly dispersed and aged silica dust particles, and on 
sprayed water droplets; all lying within the 1- to 2-y radius range. 

The measurements show that when numerous ions are formed within the aerosol 
space the particle charges are not completely discharged but rather the ions greatly 
hasten the attainment of an equilibrium distribution. Moreover, it is found that 
irrespective of the initial measured distribution of charges, the final equilibrium 
distribution approaches a Gaussian curve whose width is dependent upon the mean 
particle radius and is usually symmetrical about the axis of zero charge. 

Because the infrequent collision of water droplets can hardly produce appreciable 
electrification by friction, and because the equilibrium charge on water droplets and 
that on silica particles of the same size are indistinguishable, it is concluded that 
the maintained charges on aerosols are a direct consequence of the diffusion of the 
ambient atmospheric ions onto the particles. The equilibrium distributions approach 
the theoretical form recently worked out by Ross Gunn. 


I. INTRODUCTION 


A basic understanding of the physics of cloud stability and the processes 
responsible for their coagulation and precipitation requires a detailed 
knowledge of the distribution of electrical charge on cloud particles. More- 
over, it is important to understand the basic processes whereby cloud 
droplets acquire charge and redistribute this charge as equilibrium is 
approached. Preliminary measurements of the electrical charge carried by 
fog droplets have been made by Wigand (1) and by Reeder and Paquette 
(2). Many data are available on the distribution of charge carried by silica 
and other dusts, but there is little information on the character of the aging 
process and the final equilibrium distribution. Measurements by Gillespie 
and Langstroth (3) and Kunkel (4) have shown that aging or systematic 
changes in the observed distributions normally continue for a number of 
hours after the dusts are dispersed. The equilibrium distribution of charges 
on condensed oil droplets have also been reported by Lissowski (5). 
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In order to illuminate the fundamental processes responsible for. the 
equilibrium we have examined the initial and final electrical states of a 
number of aerosols generated in quite different ways. All of the collected 
data were obtained on droplets having radii lying in the 1- to 2- range. 
These measurements permit one to determine the fractional number of the 
particles carrying any selected number of positive or negative ions. Such 
distributions have been determined, first, for silica dust that has been 
dispersed by a sudden burst of air. This dust is highly electrified initially 
by frictional processes, and the character of the charge distribution is ob- 
served to change systematically with age until an equilibrium state is 
established. A second type of aerosol was produced by the condensation of 
water upon electrically neutral sodium chloride nuclei. The charges were | 
determined immediately after the generation of the droplets and found to 
be negligible. After the droplets had been aged the charge distribution was 
again determined. For comparison with water droplets so formed, a similar 
aerosol was made by atomizing a weak salt solution. In this case the droplets 
were initially found to be highly charged. Finally another solid aerosol was 
formed by the condensation of sulfur vapor. This produced large numbers 
of sulfur particles which were initially observed to be all neutral but which 
acquired through aging an equilibrium distribution of charge a like 
that observed on the aerosols mentioned above. 

The classical hypothesis that the random electrification of aerosols 
arises from the frictional interaction of the particles is not questioned when 
conditions are favorable. However, it is a well-established fact of atmos- 
pheric electricity that any highly insulated and charged body will dis- 
charge to 1/e (87%) of its initial value in a time 7 given by (6) 


r= 75 Ua 


An)’ 

where ) is the total conductivity of the environment. The substitution of 
observed values suggests that in ordinary air most of the initial charge on any 
selected particle would vanish in an hour. Therefore, unless further fric- 
tional collisions between the particles take place to restore the electrification 
carried by the aerosol, it will discharge. Usually the particles are small and 
a brief calculation will show that they seldom collide in the air after the 
aerosol is once dispersed. Thus it seems evident that some other mechanism 
must be invoked to account for the maintenance of the observed equilibrium 
charge distribution. 

Our laboratory measurements show that the aging may be greatly 
hastened by the introduction into the environment of the aerosol of large 
numbers of ions. Although we have not experimentally examined the 
matter in detail, it appears that the time to approach equilibrium is roughly 
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equal to the discharge time given by Eq. [1], when the actual conductivity 
within the dust cloud is employed (Eq. 25 of Ref. 7). For example, the aging 
time for a typical silica dust cloud in ordinary air is something like 2 
hours or more. But if the cloud is exposed to a large number of ions, pro- 
duced, for example, by X-rays, then it is found that the aerosol comes to 
an equilibrium in approximately a minute. In view of the observed profound 
reduction in the time to reach equilibrium which results from the intro- 
duction of ions into the environmental air, it appeared that a study of the 
conversion of the initial to the final distribution of charges might provide 
valuable information on the fundamental processes responsible for the 
observed electrification. 

A detailed analysis of droplet charging by the diffusion of atmospheric 
ions onto their surface has recently been worked out by one of us (7, 8), 
and measurements have been made to determine if the behavior of aerosols 
is consistent with this analysis. The analysis showed that the fractional 
number of particles in an aerosol carrying a given number of elementary 
charges x is expressed by 


_ akT a 
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where F’, is the number of particles carrying x elementary charges, F’, is the 
total number of particles, e the electronic charge, a the droplet radius, k the 
Boltzmann constant, 7 the absolute temperature, and \; and \_ are the 
positive and negative conductivities, respectively. Equation [2] is a typical 
Gaussian distribution that is symmetrical about the axis of zero charge 
when the positive and negative electrical conductivities are equal. As the 
ratio of these conductivities change, the axis of symmetry, which measures 
the mean charge on the particles, is displaced towards the sign of the 
predominant conductivity. However, inside a cloud the positive and nega- 
tive conductivities are not very different and the distribution then centers 
about zero charge. In some of the preliminary investigations the positive 
and negative conductivities within the aerosol were measured and were 
found to be approximately equal. In the remaining investigations the 
observed symmetry of the experimental curves was interpreted to mean 
that the conductivities are nearly equal. We have found special cases in 
which the axis of symmetry is displaced. These cases will be reported 
elsewhere. In all cases the expression of Eq. [2] is found to describe very 
well the equilibrium distribution on cloud and other aerosol particles. Our 
measurements show that whereas there is much scatter when analyses are 
made on less than 1000 droplets, more’ data invariably smooth out these 


irregularities. 
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II. APPARATUS 


The apparatus employed in this investigation is basically an adaptation | 
of an arrangement first used by Wells and Gerke (9) in investigations of | 
charged smoke particles. The radius and the electric charge of the aerosol | 
particles were determined directly from the observed displacements of the | 
particles that result from the impressed electrical and gravitational forces. | 
A horizontal electric field was cyclically applied to the droplets in an | 
unsymmetrical time sequence in order that the sign of the charge on each 
particle as well as its magnitude could be determined. The rate of fall was 
used to determine the radius of each individual particle. The displacements 
were photographed and analyzed by projection and measurement on a 
translucent screen. 


Ill. Toe MEASUREMENTS 


Using the above apparatus, the sign and number of elementary charges 
carried by each particle and its radius were determined. The distribution of 
the fractional numbers carrying any assigned number of ions was then 
plotted as shown in the accompanying figures. Between 250 to 600 indi- 
vidual measurements were made to determine each curve. 

Curve C of Fig. 1 gives the observed distribution for silica dust particles 
immediately after they are dispersed by a blast of clean air. It may be 
noticed that large numbers of the particles carry large positive and nega- 
tive charges. However, when this same aerosol is exposed to large numbers 
of positive and negative ions produced within the cloud volume by X-rays, _ | 
then within a minute the distribution is converted to that shown in Fig. 1,B. 


Pe Pa ee 
2 i\\ 
= See eee 
eth [elie Ale nelle 
26 Ny \ 
TES eee ess 
oa 
:, J \ ' 
pa } : h\Y A \ K 
le, 


“25° -20, 18’ _10 1-3), 05 2Si) MIOMNIS a pOmee 
Charge in Elementary Units 
Fia. 1. Silica dust disbursed by air blast. A. Calculated according to Kq. [2] 
(a = 0.7 »). B. Aged by exposure to copious ionization. C. Initial distribution. 
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Fic. 2. Water cloud condensed on neutral NaCl nuclei. The condensed cloud was 
initially uncharged. A. Calculated according to Eq. [2] (a = 1.63 »). B. Aged by 
exposure to copious ionization. 


For comparison with these observed distributions one may draw Fig. 1,A, 
‘which, according to Eq. [2], represents the equilibrium distribution for 
particles having the mean observed radius of 0.7 ». The experimental curves 
naturally show some statistical scatter since only 545 individual particle 
measurements are represented. These measurements seem representative of 
aerosols initially electrified by frictional contacts that result from their 
energetic dispersal. ) 

An aerosol was next formed by the condensation of water vapor onto 
vaporized sodium chloride nuclei. After its formation, but before it was 
aged with ions, this type of aerosol is found to be essentially uncharged. 
Less than 2% of the particles are charged, and these generally possessed 
only one elementary unit. When this aerosol is aged by the introduction of 
numerous ions the equilibrium charge distribution is observed to be that 
shown in Fig. 2,B. The average observed radius of the droplets was 1.63 y. 
This experimentally observed curve was obtained by measurements on 
some 2500 individual cloud droplets. Again for comparison the distribution 
shown in Fig. 2,4, was calculated from Eq. [2] for droplets of the observed 
mean radius. 

As a further check, a water cloud was produced by an atomizer that 
disbursed a water solution containing traces of sodium chloride. When 
these drops reached equilibrium the concentration of salt corresponded 
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closely to that employed in the foregoing experiment. It was observed that. | 
these drops were very highly charged initially owing presumably to the 
energetic disruption of the water surfaces. However, upon the introduction | 
of numerous ions into the cloud, the initial electrification largely vanished | 
and the equilibrium charge distribution shown by the dashed curve in | 
Fig. 3,B was established. Approximately equal numbers of positive and | 
negative droplets were then observed with about 8.5% of them remaining 
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Fic. 3. Water cloud formed by spraying. Droplets highly charged initially and 


widely scattered. A. Calculated according to Eq. [2] (a = 1.854). B. Aged by exposure 
to copious ionization. a | 
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neutral: The solid line of Fig. 3,A,represents the theoretical curve of Eq. [2] 
for droplets having the observed mean radius of 1.35 y. 

~The measurements all show that an aerosol that has just been formed by 
boriddhéation from. its own vapor is initially uncharged. For example, a 
sulfur-particle aerosol of this type was formed from the vapor and its 
initial neutral state verified by measurement. When this sulfur-particle 
aerosol was exposed to copious ionization for 2 minutes, the equilibrium 
electrification shown by the broken line in Fig. 4,B, was immediately 
established. This distribution approximates that pleaded from Ee [2] 
and shown as a solid line in Fig. 4,A. , 

In addition to the above results it was frequently observed that the 
equilibrium distributions, once established, continued for more than an 
hour after they were first produced, quite irrespective of the intensity of 
ionization to which they were subsequently subjected. It is presumed that 
this state would continue until the aerosol was precipitated. 


IV. ConcLusion 


The foregoing experiments show rather clearly that the aging of aerosols 
depends critically upon the intensity of the gaseous ionization. An aerosol 
in the laboratory subject to the ordinary ions in the air ages in from 2 to 6 
hours. By increasing the ionization and conductivity of the environmental 
air by the use of X-rays or any other ionizer, an equilibrium distribution 
may be established in a minute or so. The ions in the region therefore are 
ultimately responsible for the equilibrium. 

The initial electrification of an aerosol by mechanical means that separate 
charge by frictional contact, is not questioned. But the continued main- 
tenance of this electrification does not seem to be consistent with the 
above-demonstrated properties. It may be noticed that the copious ioniza- 
tion employed in the above experiments would normally discharge in a 
relatively short time, any charge placed on the particles by the occasional 
frictional exchange of charge due to collision. Therefore, the observed 
electrification must somehow be maintained by other processes. 

The above-summarized measurements show that the charge distributions 
for aerosols of fundamentally different initial electrifications come to 
essentially the same final equilibrium distribution whenever they are aged 
by exposure to large numbers of atmospheric ions. Aerosols of initially 
neutral particles or very highly charged particles establish substantially the 
same type of equilibrium distribution in times that are roughly inversely 
proportional to the intensity of the ionization or the electrical conductivity 
of the air. This establishes that the fundamental charging process is ionic 
in nature. The data, moreover, suggest that surface-active forces of oriented 
molecules play a minor role in the establishment of the equilibrium. 

A careful theoretical analysis of aerosol charging given in an earlier 
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paper by one of us appears to describe the final equilibrium distribution 


very well indeed (7, 8). Accordingly, it is concluded that both theoreticall) 


and experimental analyses show that the observed charge distribution 


appearing on typical stable aerosols is fundamentally due to ionic diffusion.\| 
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ABSTRACT 


The crystalline swelling of amine montmorillonites is shown to take place in 
certain liquids. The relation between the steric requirements of the intercalated 
molecules is discussed. 


INTRODUCTION 


Jordon has shown (1) the macroscopic swelling of amine montmorillo- 
nites in nitrobenzene and toluene-methanol mixtures to be negligible until 
the intercalated amine possessed a chain length of 10 carbon atoms. The 
possibility of crystalline swelling of amine montmorillonites was not 
studied. The work reported here shows that certain amine montmorillo- 
nites which show no crystalline swelling in water will expand when im- 
mersed in suitable solvents. 


EXPERIMENTAL 


The amine montmorillonites were prepared as in earlier work (2) and 
the X-ray diffraction technique was similar. The oriented flakes were 
mounted in thin Pyrex glass capillaries which were filled with the selected 
liquid and sealed off. These capillaries were mounted in the X-ray camera 
and oriented so that the plane of the flake was parallel to the plane of the 
slit collimated beam. 


RESULTS AND DISCUSSION 


Table I shows the effect of immersion of a number of amine montmoril- 
lonites in selected solvents. A comparison of the results shows that the 
amines differ widely in their ability to modify the swelling behavior of 
montmorillonite. For example, benzene, which does not enter sodium 
montmorillonite, will expand pyridyl and piperidyl montmorillonite and 
yet has no effect on triethylammonium montmorillonite. Clearly the sorp- 
tion of molecules by these modified montmorillonites may be dependent 
not only on the pore space available but also on interaction with the cation 
so as to produce pore space of more suitable dimensions. 
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TABLE I 


Showing the Influence on the 001 Spacing (Calculated from the Spacings of Higher | 
Orders) of Immersion of Various Amine Montmorillonites in Selected Liquids. | 
The Results Obtained with Sodium Montmorillonite Are Included for Comparison 


Sodium montmorillonite 


KX 
Degassed 100° doo: 9.6 
In water > 100 
In glycerol? a 17.8 
In pyridine a cca 
Dry pe 14.8 
Wet 23 
In benzene 9.6 
In methanol? 16.8 
In piperidine 14.7 
In a@-picoline 15.7 * 
In quinoline 1 
Triethylammonium montmorillonite 
Air dry doi 13.3 
In water 13.3 
In glycerol 13.3 
In pyridine 15.0 
In benzene 13.2 
Piperidyl montmorillonite 
Air dry doo: Li) 
In water 13.3 
In glycerol 14.5 
In piperidine 14.7 
In pyridine 14.7 
In benzene 14.7 
Pyridyl montmorillonite 
Air dry oor i LPAI 
In water 12.5 
In glycerol 14.0 © 
In pyridine 14.8 
In e-picoline 15.6 
In quinoline 16.7 
In benzene 15.0 
In methanol 12.5 
4-Ethyl pyridyl montmorillonite 
Air dry do: 12.8 
‘ In water 12. 
In glycerol 14.1 


® From reference 3. 
> Brown (4) has found 14 KX spacings with K+ and TI+ montmorillonite and glycerol. 
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The spacings obtained when swelling occurs fall into two groups: Firstly 
those which are identical to that obtained with sodium montmorillonite 
and which are determined by the shape and size of the entering molecule, 
and secondly those where the spacing is governed by the cation in a new 
orientation. Triethylammonium montmorillonite in pyridine is an example 
of the first type, and piperidyl montmorillonite in glycerol of the second 
type. In several cases both the entering molecule and the cation may simul- 
taneously satisfy their demands for close vertical packing, for example, 
pyridyl montmorillonite in benzene. It is interesting to note that similar 
molecular dimensions are not always a sufficient reason for simultaneous 
close packing; for example, a-picoline could adopt a configuration whereby 
its space-limiting dimensions are identical to pyridine yet it chooses a pore 
space 0.8 KX greater, presumably to satisfy the imposed charge distribu- 
tion in the interlamellar space. Within the experimental accuracy it can be 
‘concluded that the orientation of molecules in these two-component com- 
plexes is substantially the same as in the corresponding one-component 
complexes; there is no evidence, for example, of solution leading to new 
arrangements as have been found with water and pyridine in sodium 
montmorillonite (5). An apparent exception to this generalization occurs 
with the pyridyl montmorillonite-glycerol system, but here glycerol mole- 
cules in fact determine the spacing, for it is known that montmorillonite 
saturated with large ions can form 14 KX complexes in addition to the 
17.8 KX complexes with sodium or calcium montmorillonite (4). 
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INTRODUCTION 
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Ree and Eyring have presented recently a generalized theory of flow by 


means of which they were able to represent satisfactorily the viscosity of 
solid plastic systems and polymer solutions (1, 2). However, in view of 
the complexity of the systems considered and the lack of extensive sys- 
tematic data, they could not explore in greater detail all the implications 
of the theory, nor could they rely exclusively on the theory for evaluation 
of all the quantities involved. 

At about the same time Maron and Fok (3) completed an extended in- 
vestigation of the flow behavior of X-667 synthetic latex, which is an 
aqueous suspension of spherical particles of butadiene-styrene copolymer, 


stabilized by adsorbed potassium oleate. In this study the average particle 


size of the disperse phase was measured, and the effects of the following 
variables were determined: Shear stress from 50 to 800 dynes/em.’; con- 
centration from 0 to 0.60 volume fraction, v; and temperature from 20° 
to 50°C. Further, the latex flow was found to be Newtonian below ca. v = 
0.25, and non-Newtonian above this concentration. 

These extensive data on the X-667 latex lend themselves particularly 
well to a detailed test of the generalized flow theory of Ree and Eyring, 
as well as to an examination of the concentration and temperature de- 
pendence of the parameters involved. The results of this investigation 
are presented in the present paper. 


THEORETICAL CONSIDERATIONS 


The Ree-Eyring theory considers a non-Newtonian system to be com- 
posed of a number of flow units of different relaxation times, and gives 


for the viscosity 7, defined as F/G, where F is the shear stress and @ the 
rate of shear, the expression 


_ & anBn sinh 8,G 
Ue n=1 On Sx G 4 (1) 
80 
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_ In this equation x, is the fractional area occupied by the nth flow unit 
on the shear surface, and 


Bb (AA2A3) 2 
OE : 
ih dates [3] 
oem) 2k Te 


where k is the Boltzmann constant, 7 the temperature, the subscript n 
refers to the particular flow unit involved, and the summation has to be 
extended to all the flow units present. Here 2,3 is the cross-sectional area 
of a given flow unit, \ the distance a unit moves between equilibrium 
positions, \; the distance between planes of flow units of a given kind, 
and k’ the rate constant for passage of a given flow unit over the poten- 
tial energy barrier. On substitution into Eq. [3] of the absolute rate theory 
expression for k’, namely, 


ae - oem [4] 


where AF,,* is the free energy of activation for flow of the nth unit, 6, 

becomes 

Ad4 ebFn*/RT 
QT Xe 


RM eon */R edun* RT 
n 
QkT Xn 


Equation (6) follows on insertion of AF,* = AH,* — TAS,*, where AH,* 
and AS,* are, respectively, the heat and entropy of activation for flow. 

For the latex system under consideration we may assume the presence 
of only two types of flow units, namely, water, whose behavior may be 
taken as Newtonian, and the latex particles, whose flow may be non- 
Newtonian. For this condition Eq. [1] takes the form 


Bn = [5] 


[6] 


s 1 Bi X2 Bo Ss 7 
Se val 
. —1 

=a +p [7b] 
2 
where 
re 1 Bi [8] 
ay 
and 


Rasa (9] 


a2 
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The subscript 1 refers to the medium and 2 to the latex particles. From 
Eq. [6] 82 becomes 


—Ag,* * 
oo Prue AS» = ghte a 10) 
2khye i 


Again, on substitution of Eqs. [2] and [10] into Eqs. [8] and [9] we get 


—AS,*/R 
pe ee é ‘ | AH,*/RT 


(AdoNs)1 Aa in 


and 


—ASo*/R 
ie E= LZ | AHo*/RT 


(AA2As)2A2 ve 


Equation [7] should represent the variation of 7 with G at any given 
temperature and concentration with a set of three parameters a, b, and 
B.. In turn, these parameters should be functions of volume fraction and 
temperature in line with Eqs. [10]-[12]. 


DEPENDENCE OF VISCOSITY ON SHEAR STRESS 


To obtain a, b, and 8: at any given v and T, values of 8 were selected, 
the quantities @ = (sinh”*@.G)/8.G calculated for the various rates of shear 
at which viscosities were observed in the non-Newtonian region, and the 
n’s plotted vs. the corresponding 6’s. Adjustments were then made in fb, 
until the plots became linear, in which case the slope of the line yields b, 


and the intercept gives a. By this procedure it was found possible to obtain — | 


satisfactory straight lines for all the available data at the various con- 


centrations and temperatures, and to arrive at the coefficients given in 
Table I. 


With these parameters, Eq. [7] reproduces well the 7 — G curves, as 


TABLE I 
Parameters of Viscosity Equation for X-667 Latex 


20:13°C; 29.94°C, 39.74°C. 50.00°C. 


a B2 a Be a B a 2 
x tor | 2X 10 | "fos | a"to2 | & X 10 | "tos | > “toe | & X 107 | "tos | yc“soe | 8X 102 | Pigs 


0.2990 | 3.04; 0.507| 3.87) 2.46) 0.390} 2.94) 2.03) 0.327| 2.26] 1.70] 0.261 
0.3970 | 5.41) 1.88 | 5.46) 4.31] 1.57 | 4.08] 3.58} 1.30 | 3.13] 2.98] 1.08 | 2.43 
0.4398 | 7.29) 4.33 | 6.67) 5.85) 3.52 | 5.05) 4.88] 2.84 | 3.91] 4.10] 2.34 | 2.98 


0.4876 |10.7 | 9.97 | 8.93) 8.67) 7.67 | 6.67| 7.30; 6.23 | 5.13] 6.01; 5.51 | 3.92 
0.5390 |19.3 | 37.0 {138.5 |15.7 | 31.6 |10.2 |18.0 | 24.1 | 7.81/10.8 | 19.7 | 5.98 
0.5603 |25.7 | 59.7 |17.9 |21.0-| 49.1 |13.2 |17.4 | 44.4 |10.1 114.4 | 37.7 | 7-75 
0.5866 /43.0 [148.0 |27.0 [37.0 |113.0 [20.0 |31.1 | 91.1 |15.4 |26.6 | 75.7 |11.8 


0.6017 |62.0 [277.0 [40.0 [50.6 |230.0 (29.4 |41.8 |192.0 |22.2 


34.7 |160.0 (16.9 
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Fie. 1. Comparison of observed and calculated viscosities. . 
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Fic. 2. Comparison of observed and calculated viscosities. 


may be seen from the typical plots shown in Figs. 1 and 2. In these plots 
the solid curves are those given by the use of the appropriate parameters 
in Eq. [7], while the points are experimentally observed. 


DEPENDENCE OF PARAMETERS ON CONCENTRATION 


For any constant temperature it has been found possible to express the 
variations of the three parameters with volume fraction v by means of the 


relations 
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1 Bs Ke (13) | 


ae ay = (ase): | 
ee (ev)” | } 
eS | ae “| 
and 
eerlG 
esr (1 — egv)” 


[15] | 


In these equations the K’s are constants dependent on temperature, and | 
the ¢’s are temperature-independent constants. The values of the K’s and | 
e’s found are given in Table II. How well these equations reproduce the | 
parameters as a function of v may be judged from Figs. 3-5, where the | 
solid curves are those calculated by means of Eqs. [13]-[15], and the points | 
correspond to the values given in Table I. 


TABLE II 
Values of Constants for Eqs. [18)-[15] 

Temp., °C. KaX 108 KeX103 Kg X 103 €a % ¢g 
20.13 9.42 3.98 2.08 1.453 1.490 1.572 
29.94 7.66 3.30 oo 1.453 1.490 ove 
39.74 6.24 2.88 1.20 1.453 1.490 1572 
50.00 5.19 2.41 0.920 1.453 1.490 1572) 


EQUATION (13) 
© TABLE | 


ax 10° 


0.3 0.4 05 0.6 
VOLUME FRACTION — v 


Fig. 3. Comparison of calculated and fitted a values. 
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Fig. 4. Comparison of calculated and fitted 6 values. 
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Fria. 5. Comparison of calculated and fitted 62 values. 


DEPENDENCE OF FLow CONSTANTS ON TEMPERATURE 


85 


Comparison of Eqs. [10]-[12] with Eqs. [13]-[15] suggests that, if the 


quantities in the brackets of the former equations are temperature-in- 
dependent, the variations of K,, K,, and Kg with temperature should 
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be given by 


or 


or 


and 


or 


SMMPUBE 4." MARON AND PERCY E. PIERCE 


0 AH\*/RT 
Ke a een ag 


AH 


0 
: log Ke= leg Ke 1 Seep? 
. Kee 
Ke = 7 
7 0 AH} 
log KgT = log Kg + 2303RT 


0 AH,*/RT 
KG = Ke aed 


AH,* 


7 = 0 
log Ki = log Ky + oat" 


[16] 


[17] 


[18] 


[19] 


[20] 


[21] 


If the AH*’s are ‘independent of temperature, it is to be expected from 
these equations that plots of log K,, log Ky’, and log KgT vs. 1/T should 


eis 
Sa OYE) 3.4 3.5 


Fria. 6. Temperature dependence of K’s. 
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TABLE III 
Constants for Eqs. [16}-[21] 
AH,* = 3780 cal./mole’” K,.° = 0.144 x 107 
AH,* = 3110 cal./mole K2® = 0.191 10-4 
AH,* = 4530 cal./mole K,° 2.55, x 104, 


be linear, with AH*’s following from the slopes and the K°’s from the in- 
tercepts.. These plots, shown in Fig. 6, are in fact linear, and yield the 
constants listed in Table III. 

It should be emphasized that this linearity indicates also that the AH*’s 
are independent as well of concentration, i.e., that the energies of activa- 
tion for flow of both the water and ae fee particles remain constant 
over the entire range of composition of the dispersions. This fact can be 
confirmed through the following considerations. The parameter a gives 
the contribution made by the water to the observed: viscosity. Conse- 
quently, on setting » = 0 in Eq. [13], we should get:a:'= K, = mo, where 
no 1s the viscosity of water at the temperature in question. Comparison 
of the K,’s in Table II with the viscosities of water at the various tempera- 
tures shows that these agree within 5-6%. In view of the large extra- 
polation, the agreement must be considered satisfactory. An even more 
illuminating comparison is obtained by, plotting log mo vs. 1/7 between 
20° and 50°C. The straight line thus obtained yields AH,* = 3780 cal./ 
mole and K,° = 0.150 X 10*. This AH,* is identical with that given in 
‘Table III, while the K.° value is very close to the observed 0.144 X 10%. 

However, from Eqs. [10] and [12] it is to be expected that AH,* should 
be identical with AH,* , whereas Table III indicates that such is not the 
case. This discrepancy suggests that the assumption made above, namely, 
that the quantities in the brackets of Eqs. [10] and: [12] are temperature- 
independent, is. not correct for at least one of these: If in Eq. [10] it is 
taken that AS.* is constant, then it may be expected that any tempera- 
ture dependence of Xx», if present, will be essentially identical to that of 
Az, and hence the entire quantity in the brackets should not depend on 
T. Consequently, the energy of activation derived from Kg should be that 
of the latex particles, or AH;* in Table III. On the other hand, whereas 
the quantity EN 'F /y,) in Eq. [12] may be independent of 7 by the 
above argument, this may not be the case for (AAz2\3)2, and hence AH;* 
will not be identical with AH,*. The difference between AH.* and AH;,* 
observed may be reconciled by assuming that: OdaNa)e ‘varies with T ac- 
cording to the relation hed Cig: 


(Nrads)2 = (Adads)2'e ET [22] 

where AH; is a constant. On this basis Eq. [12] becomes 
ve Pee i | fonranonne.. [23] 

(AdX2od3) 2°As 
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and hence AH;* in Eq. [20] is 
AH,* = AH.* — AH;. [24]| 


On substitution of the values of AH,* and AH,* from Table III, we ob-} 
tain AH; = 1420 cal./mole. 

The dependence of (Adz\3)2 on temperature observed here is different | 
from that found by Ree and Eyring (1) for solid plastics. In the latter | 
instance the volume of the flow unit varied linearly with T, making thus | 
a, independent of temperature. Here, however, the volume of the latex 
flow unit appears to vary according to Eq. [22], and hence az will not be | 


independent of the temperature. 


ComMPLETE EQuaTIONS FOR FLOW PARAMETERS 


On assembly of the various equations and constants, we can finally ) 
represent the parameters a, b, and 62 as functions of v and T' by the fol- 
lowing relations: 


Ie, 
aa la — =| eure [25] 
= a AH)*/RT 
: la = €, 0)? 2 [26] | 
and 
a Ke ee 
Bo = FF Sesh ni. [27] 
From these equations it follows that when » = 0, a = m = Ka’e*” 17a 


K Oo Ana ¥ RT 
uh 


to infinity. Consequently between v = 0 and ev = 1 the range of varia- 


tion of these quantities is a from  — ©; b from 0 > ©; and ~ from 
Kee 0 AHs*/RT 


(Bs 


b = 0, and f, = . Again, when « = 1, all these quantities go 


LOOM. 


Fiow or Latex In NEwToniaN REGION 


Maron and Fok (8) have found that the latex under discussion showed 
Newtonian flow up to a concentration of ca. v = 0.25. From the above 
equations giving the parameters as functions of v, it should be possible 
to calculate the viscosities in the Newtonian region even though the 
peace were evaluated from the non-Newtonian flow data above 
v= 9) 

For the case where both the water and the latex particles are New- 
tonian, sinh "B:G/8.G = 1, and Eq. [7] becomes 
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TABLE IV 
Comparison of Calculated and Observed Relative Viscosities in Newtonian Region 


—==— 


Relative Viscoity, n, 
Volume fraction 
a 20.13°C. 29.94°C. 39.74°C. 50.00°C. 
Calc. Obs. Calc. Obs. Cale. Obs. Calc. Obs. 
0.0000 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
0.0306 1.10 1.09 1.10 1.09 1.10 1.09 1.10 1.10 
0.0515 nile 1.16 Th ey 1.16 Ae Wily Ik ile 1.18 
0.1010 1.39 1.36 1.39 1.36 1.39 1.37 1.39 1.38 
0.1795 1.91 1.82 1.91 1.85 1.91 1.84 1.92 1.85 
0.2481 2.67 2.48 2.68 2.49 2.69 2.53 2.70 2.53 
n=at+ob. [28] 
Hence on substitution of Eqs. [25] and [26] for a and b we get 
0 0 2 
a * K Vv * 
re K | eine | 5 (ev) | hut inr [29] 
(1 — ev) (1 — ev) 
* : F : S) ae 
Again, no = K,°e"""'”"_ Consequently, the relative viscosity, 7, , is given 
by . 
iia An, */RT Ky'(ev)” AH,*/RT 
aC | epee ey FS 
are 2A leer)? (1 — ev) 
r ms a TED 
Ea 1 B(ev)” [30] 
(1 — ev)? (1 — ev)?’ 
where 
B Ky edtoX— Am * RT [31] 


— K, 


Table IV gives a comparison of the relative viscosities measured by 
Maron and Fok (3) with those calculated by Eq. [30]. The agreement is 
in general satisfactory. 


Limiting Conpitions FoR FLow 


(a) BG — 0: When BG — 0, 6 = sinh 'B:G/B:G — 1, and Eq. [76] re- 
duces to » = a + 8, ie., the flow becomes Newtonian. This condition 
ean be attained when either 82 or G becomes very small. Since 6: decreases 
rapidly with lowering of concentration, Newtonian flow will set in when 
y is decreased sufficiently to meet the above condition. With synthetic 
latices of various types it has been observed that the flow is Newtonian 
at volume fractions below ca. 0.25, and hence at v = 0.25 and below 6: is 
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sufficiently small to make @ essentially equal to unity over the entire ran 
of G values used in the various studies. 

However, even though 8. may not be small, it is possible to keep 8 
small by keeping G low. Under such conditions the flow at volume frac-} 
tions above 0.25 will become Newtonian as G approaches zero. This transi- 
tion from non-Newtonian to Newtonian flow on decrease of G at the higher 
concentrations has been observed by Maron and Belner (4). 

(b) BG — «©: When 8.4 —> ~, 6 — 0, and by Eq. [78] 7 = a, i-e., the} 
flow becomes Newtonian, and the viscosity is due entirely to solvent. 
This is true only when G — © and not when 8 — ~, as will be seen be- 
low. Such behavior at high shear rates has been observed in many col-} 
loidal systems, including latex (5), and has been predicted by Ostwald || 
and Auerbach (6). 

(c) v — 0: If the divisions indicated in Eq. [80] are performed, then 
we obtain on collection of terms 


Np = Mr — 1 = Zev +. (3e. + Ba’)v + (44° + 3Be)v + --- [83] 


In Eq. [32] v is the volume fraction of the latex particles only, and not of 

these plus the adsorbed soap which they carry, namely, v;. The relation | 
between v;, and v is, as shown by Maron, Madow, and Krieger (7), 7: = 
yv, where y depends on the length of the adsorbed soap molecule and 
the volume-to-surface.-average diameter of the latex particles. For the 
X-667 latex in question y = 1.119. On substitution of » = v,/y into Eq. 
[32], we get 


9 2 2 3 3 2 
te = (G2 26 eT) (42-1 Be ee) eS) 
Vi yi "ee ¥ 


When v; — 0, 


feo) oe Oe 
( Vv; je y. [34] 


or 2¢./y = 2(1.453)/1.119 = 2.60. This result agrees well with the pre- 
dicted Einstein value of 2.50 for the limiting value of (n.»/v) for suspen- 
sions of spheres. 

Equation [83] also predicts that the values of the higher coefficients 
will depend on the ¢’s.and B. Since «, and « both are functions of the 
type of packing of the spheres and the particle size distribution, the values 
of the coefficients of v should also depend on these factors. Further, since 
B, Eq. [33], involves T, they should also depend somewhat on the tem- 
perature. The values’ of the second coefficient calculated between 20° and 
50°C. range from 5.76 to 5.84, and those of the third coefficient range 
from 11.6 to11.9. 

(d) v« > 1: When # = 1, then according to Eqs. [25] and [26] a and b 
both become infinite, and so does the viscosity. At the same time 8 also 
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goes to infinity. The volume fraction of polymer at which this occurs is 
v = 1/e, and the total volume fraction of polymer plus adsorbed soap is 
ve = y/e = 1.119/e. Substituting the values of 4, &, and es, we obtain 
for v; 0.77, 0.75, and 0.71. For rhombohedral close packing of uniform 
spheres », at which 7 = should be 0.74, and slightly higher than this 
for nonuniform spheres. The results obtained are in good agreement with 
these expectations. 


EVALUATION OF ‘‘MOLECULAR” PARAMETERS 
On comparison of Eqs. [8], [11], and [25] it is seen that 


X1 Br = Ka — ahdu ae [35] 
a, / red. (1 —— fo v)? 7 (A2A3)1 Ax? ; 


where red. represents the quantity reduced for temperature dependence. 
Similarly we get from Eqs. [9], [12], [23], and [26] 


L2 Be ae Ky'(e)” _ &2hdr eae [36] 
a2 /red (1 = €pv)3 (ArX2A3) 292 
and from Eqs. [10] and [27] 
* 
<< Kp. = Vyas eens? iH 
(Be) red. 4 (l= ev) — ae [37] 


Before anything further can be done with these equations, it is necessary 
to obtain x and x. 

(a) Evaluation of x, and 22.’ Consider a ates ne ‘of the dispersion, 
containing n spherical particles of average radius FR, Let this volume be 
rectangular in cross section with total area. A, and height L. If we pass 
through this volume an arbitrary plane parallel to the base, then the prob- 
ability that the plane will pass through a particle..of the disperse phase 
at a distance between r and r + dr from the center of the particle is 2dr/L. 
Again, the area cut through the sphere by the plane is. 7(R” — r°). Hence 
the average area per particle cut by the drawn plane is 


le Qn(R? — r) dr 4nR*®  4nR*A, 
av = aa — 


BT; Ve 


since V = A,L. Aay. is the area occupied by a single particle of disperse 
ghase in the plane. The total area occupied by the particles i in the plane 
s then nAay., and this divided by the total area of, the plane, A;, gives 
then x2, namely, 


Ag, ai [eee (Bek 
Ay Ail BY 


tg = 


V ‘ 


i The authors are indebted to Prof. I. M. Krieger for suggesting the derivation 
vhich follows. 
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Fig. 7. Dependence of Ai, de, and Ayo ON ev. 


The right-hand side of this equation is also the expression for the volume. 
fraction, v. Consequently, z, = v, and 2% = (1 — »). 

However, x2 cannot take on all values of » from zero to unity, since 
when ev — 1 the particles touch, and the entire shear stress is carried by 
the disperse phase. This fact suggests that x. = e rather than v, and 
that x: = (1 — qe). Since the values of the various e’s are fairly close to 
each other, no distinction will be made among them below. 

(b) Water. On substituting x, = (1 — ev) into Eq. [85] and solving for 


M1, we get 
hr —AS,*/R 1/2 
My Se = (1 cs ev). [38] 


Since Glasstone, Laidler, and Eyring (8) have shown that for water AH, = 
2.45 AF\*, where AH, is the heat of vaporization of water and AF;* the 
free energy of activation for its flow, use of this relation along with AH,* 
yields AS;* = —0.71 e.u./mole between 20° and 50°C. Again, \y may be 
taken as the diameter of a water molecule, 3.92 X 107° cm., while (A2As3)3 , 
the diameter squared. On this basis 


d= 18:0 * 107° —e)*? em: [39] 
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At the top of Fig. 7 is shown a plot of \; vs. «. This quantity varies from 
13.0 A., i.e., approximately three molecular diameters, for pure water to 
zero at ev = 1, where flow ceases. 

(c) Polymer Particles. Division of Eq. [36] by [87] yields 


(2) a 2kxe = Hes (e)” [ 40] 
2/ red. (AdaA3) 2° K,° (1 o> ev)? 
from which, on substitution of x2 = ev, we obtain 
2kKg (1 — ev)? 
K,° €v 
—15 (1 Sas ev)” 
ev 


(AAedg)e = [40a] 


I 


3.68 X 10 [400] 


(AzA3)2, the cross-sectional area of the latex particle flow unit, may be 
taken to be D’, where D = D, + 2(27.5) = 1440 A. Here D, is the vol- 
ume-to-surface average particle diameter, and 27.5 A. is the length of the 
adsorbed potassium oleate molecule. Thus \2’ becomes 


_ 2kKs (1 — @)° 


Wins DK <p [41a] 
eS elm aoe [410] 

from which, by Eq. [22], \2 follows as 
NS Ne ED S178 X10" eth enrelam [42] 


The exponential term in the last relation is equal to 11.47 at 20.13°C., 
10.59 at 29.94°C., 9.84 at 39.74°C.; and 9.15 at 50.0°C. The plot of Eq. 
[41], given in Fig. 7, shows that 2” decreases from infinity at v = 0 to 
zero at ev = 1. These limits also apply to Az. 

As will be shown below, \12 = © when v = 0, and this is also true of 
he. Consequently (82)rea. , Which is equal to Kg at v = 0, must become 
by Eq. [37] 


0 h —AS8o*/R 
= — 43 
from which we get AS.* = —32.1 e.u./mole. Substituting this value of 
AS.* and Eq. [42] for \2 into Eq. [37], we obtain 
hie = 1.78 X (|e) hes ds (44) 


r fils @ 
pee eraTTy = 1.78 X 10° leege): [45] 
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The plot of Aj2 vs. ev, given in Fig. 7, shows that Ale like A.” varies from 
infinity at v = 0 to zero at ev = 1, but its rate of decrease is not as rapid} 
as that of d2°; ie., at intermediate concentrations the distance between | 
shear planes of latex particles is larger than the distance between equi- |) 
librium positions occupied by the latex particles. When «ev = 1 the par-}, 
ticles touch, and hence the distance between them is reduced to zero, as| 
is, also, the distance between equilibrium positions. 
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SUMMARY 


The generalized flow theory of Ree and Eyring has been applied success- | 
fully to the extensive data of Maron and Fok (3) on the flow behavior of | 
X-667 latex in both the Newtonian and non-Newtonian regions. By postula- 
tion of the presence of two flow units, a Newtonian water unit and a latex | 
particle flow unit which may be non-Newtonian, an equation involving | 
three parameters was obtained which reproduced very well dependence of 
the viscosity on rate of shear at all temperatures and concentrations. | 
Further, the theory predicted the correct dependence of the parameters on 
temperature, from which could be obtained the heats of activation for flow 
of both the water and latex particles. Both heats of activation were found 
to be independent of concentration, with that of the water being the same 
as for the pure liquid. 

The theory does not predict the concentration dependence of the param- 
eters. However, empirical equations for such dependence were deduced, 
from which it was possible to ascertain the values of the parameters in the 
Newtonian range below a volume fraction » = 0.25, and to calculate there- 
from Newtonian relative viscosities in good agreement with the observed 
ones at all temperatures and concentrations. Further, on extrapolation to 
v = 0, tsp/v, was found to be 2.60 as against the expected Einstein value 
of 2.50 for suspensions of spheres, while extrapolation to infinite viscosity 
gave a volume fraction in very good agreement with that expected for the 
rhombohedral close packing of nonuniform spheres. 

From the combination of the theoretical and empirical equations were 
obtained also expressions for the values of the “molecular” parameters of 
the theory as functions of temperature and concentration, and the entropy 
of activation for the flow of the latex particles. The distance between 
equilibrium positions of the water molecules was found to vary from 13 A. 
to zero between v = 0 and the volume fraction at which the viscosity be- 
comes infinite. On the other hand, the distances between equilibrium posi- 
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tions and planes of latex particles varied from infinity to zero between the 
same concentration limits. 
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ABSTRACT 


The present work demonstrates that the formation of clearly defined rhythmicity | 
is intimately related to the stability of the sol prior to precipitation. The various | 
factors affecting this stability have been analyzed for their effect on the periodicity. 
It is shown that excess silver ion causes rapid flocculation and blurred precipitation 
zones. On the other hand, the spacing coefficient is shown to increase in the presence 
of peptizers for the precipitated substance. 

The periodicity observed in gels may be used as a method for investigating the | 
stability of colloidal sols. 


INTRODUCTION 


When rhythmic precipitation occurs in a gel medium, the position of 
the rings of precipitate follow a geometric progression law, z, = ak”, 
where 2, is the position of the nth ring, from the origin of diffusion; a ang 
k are constants, k being known as the spacing coefficient. Breve work 
(2) has shown that sol protection (by adsorption) and diffusion are im- 
portant factors in the rhythmic precipitation, and the spacing is related 
to the initial concentration (Co) of the diffusion cation, according to the 
relation, 


(k-1)=A+ B/C, 


where the constant A is a measure of this former effect. When any of the 
reacting ions is removed from the system by adsorption or complex forma- 
tion, an increase in A should follow. 

This effect has been studied with silver, copper, and lead salts peptized 
by ammonia, and simple organic acids. Rhythmic precipitation has been 
followed, using two methods: (a) by diffusion of the reacting anion into 
the gel containing the complex metal ammonia ion; (b) by diffusion of the 
reacting cation into the gel containing the anion, together with the pro- 
tecting agent. We have found with both methods that for a given cation- 
anion ratio, B remains constant, whereas A increases with the protecting 
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agent-sol ratio, according to a Freundlich relation. A parallelism is observed 
in the increase in A, on the one hand, and the stability of the corresponding 
sols in aqueous suspension, on the other. 

Many salts, hitherto leading to unclear stratification, now give a well- 
defined periodic behavior, and the rhythmicity can be investigated with a 
higher degree of accuracy. The quantitative study of rhythmic precipita- 
tion may be used to define and measure the stability of the sols of such 
insoluble precipitates as have been studied in this work. 


EXPERIMENTAL 
1. Sols in Aqueous Solution 


a. Addition of Ammonia. The peptization of silver and copper salts by 
ammonia, and the stability of the peptized sols in presence of excess of 
the reacting ions, have been investigated. 

An aqueous solution of the reacting cation is added to an equal volume 
of solution of the reacting anion, with increasing proportions of ammonia. 
The stability of the sol obtained in aqueous solution and in 5% gelatine 
suspension is observed. 

The onset of turbidity in these systems generally occurs within a very 
narrow time limit (e.g., 1 sec. in 1000 sec.) and coagulation, concurrent 
with optimum turbidity, has been determined visually. The sol stability 
is defined as #, the time of coagulation, between the mixing of the two 
solutions and the appearance of the optimum turbidity (1). The effect of 
added protecting agents on the stability has been investigated by following 
the peptization ratio C,*/C, , where C,* is the concentration of protecting 
agent that causes complete peptization of the equivalent sol, and C, is 
the sol concentration. (All C values are expressed in gram equivalents per 
liter.) Complete peptization occurs when a system is obtained which is 
stable for over 24 hours and which shows no visible light scattering or 
turbidity and no variation in color during this period. 

(1) The peptization ratios of equivalent sols. The peptization ratio 
generally remains constant for the salts examined for the sol concentration 
range, 0.0005 M-0.01 M, and varies markedly with the nature of the 
precipitated salt. 

It is seen from Table IA that the peptization ratio is greatest for the 
silver salt of least solubility, and increases in the order oxalate, chromate, 
phosphate, arsenate, chloride, bromide. The values observed, however, 
are not in agreement with those derived from application of the mass 
action law to the equilibrium, 


Agt + 2NH; — [Ag-2NH,|* 


with the instability constant, K = 6.8 X 10n4 . 
The peptization ratio in 5% gelatine suspensions is increased for silver 
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TABLE IA 
Peptization Ratios of Precipitates for Sol Concentration Range 0.0005 M-0.01 M 
Aqueous solution 5% gelatine suspension 
Silver oxalate 2.0 2.5 
Silver chromate 2.5 3.0 
Silver phosphate 5.0 6.0 
Silver arsenate 6.0 8.0 
Silver chloride 25.0 25.0 
Silver bromide > 100 > 100 
Copper phosphate 2.0 — 
Copper arsenate 2.0 — 
Copper chromate 2.0 — 
TABLE IB 


Peptization Ratios 
(Complex copper salts) 


0.00125 0.0025 M 0.005 M 0.01 M 
Copper pyridine thiocyanate 0.4 0.7 1.0 2.0 
Copper chromate basic 6.0 8.0 8.0 8.0 
Copper oxinate 100 500 > 1000 > 1000 


salts owing to the uptake of ammonia by the gelatine. Copper salts, on 
the other hand, are completely peptized by 5% suspensions of alkaline 
gelatine at pH 11 without any further addition of ammonia. 

In the case of complex or chelate copper compounds, the peptization 
ratio increases with the sol concentration, as shown in Table IB. 

(2) The stability of equivalent sols to excess of reacting ions. Although the 
stability of the equivalent sols as measured by coagulation time is marked 
at the peptization ratio (time for turbidity, ¢ = 24 hr.), rapid flocculation 
is observed when the ammonia present in the system is 0.8-0.9 of this 
value. The poor stability of such systems is due to the presence of free 
cation. 

In the same way, fully peptized silver salt sols may be flocculated when 
an excess of silver is present, of about 1.1-1.3, depending on the nature of 
the salt. It therefore appears that although a good stability of silver salt 
sols may be obtained in the presence of ammonia, these sols are readily 
flocculated by an excess of silver ion. (This result accounts for the lack of 
rhythmicity and the flocculation observed whenever silver nitrate is 
diffusing into a gel containing the reacting anion in the presence of am- 
monia. ) 

The fully peptized sols at equivalent anion-cation ratio are, however, 
much less sensitive to excess anion. It is found that flocculation is observed 
only when the anion concentration is over 100 times the equivalent ratio. 
On the other hand, when the degree of peptization, and hence the sta- 
bility of the sol, is decreased by reducing the ammonia concentration by 
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5 %-25 7%, it is found that the flocculating effect of the anion may be 
readily observed. (Refer to Fig. 1 for 0.005 M silver chromate systems.) 
At any ammonia-sol concentration ratio (Cnu,/C,), the stability decreases 
with excess anion concentration, according to the Tuller-Fulmer relation 


(5), 
logit = logit — b04/C, [1] 


where C4/C;, is the excess anion-cation concentration ratio ; and f is the 
stability of the equivalent sol (for which C4/C, is zero). The symbol b is a 
constant that represents the fall in stability at unit excess anion concen- 
tration, varies inversely as the ease of destabilization of the ammonia 
peptized sol, and increases rapidly with fall in Cyu,/C, below the peptiza- 
tion ratio, according to the relation, b = B(Cnu,/C;) ”. Rapid coagula- 
tion (at £ = 1 sec.) occurs at some particular C4/C, value that mainly 
depends on the value of (1/b). The results shown in Table II exemplify 
the type of behavior observed with 0.01 JW silver salt sols. 

It follows that the sols obtained by this method are less readily floc- 
culated by excess anion than by excess cation. In other words, their sta- 


100,000 
10,000 
Cnn3 /Cs=O0.9P.R 
000 
cy 100 
2 Cnu3 /Cs = 0.8 PR 


OF \ CHyy3/Cs =0.7 PR 


Gian) 220. 30) 4QNNSIEO IP “60NOTTOMI C80! WICO 
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Fic. 1. Flocculation of ammonia peptized 0.005 M silver chromate sols by excess 
anion. Variation in stability with excess anion-cation concentration ratio. 
TABLE II 


Excess Anion-Cation Concentration Ratio for Rapid Coagulation 
(turbidity in 1 sec.) 


Ammonia/silver ion Chromate Oxalate Chloride 
concentration ratio 
0.95 P.R. > 100 35 15 
0.90 > 100 2 1.5 
0.85 > 100 <0.1 <0.1 
0.80 80 <0.1 <<()eil 


0.75 4 <{0),! <0 
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bility is greater, and the study of rhythmic precipitation according to 
method (a) should lead to a quantitative investigation of the periodicity 
and the effects of the diffusing flocculating ion. 

b. Addition of Organic Acids. Silver, copper, and lead salts are peptized 
by a large number of simple organic acids and anions (1). 

The order of protecting power for a series of acids may vary from salt 
to salt for a particular metal cation, but generally the following results 
have been observed. 

Silver salts. Dicarboxy acids > chelating acids > nonchelating acids. 

Copper salts. Amino acids > hydroxy and dicarboxy acids > nonchelat- 
ing acids. 

Lead salts. Dicarboxy acids > hydroxy acids > amino acids. 

Excess cation flocculates the organic acid peptized sols; and the sta- 
bility falls according to the Tuller-Fulmer relation (Eq. [1]). 


1. Rhythmic Precipitation in Gel Systems 


a. Peptization by Ammonia. The rhythmic precipitation of the above 
silver and copper salts protected by ammonia has been followed in test 
tubes by diffusing solutions of the anion into 5% gelatine gel containing 
0.01 M silver nitrate or 0.005 M copper sulfate, with increasing concen- 
trations of ammonia. 

In all instances the spacing coefficient (k) varies with the initial concen- 
tration (Co) of the diffusing anion, according to the relation (cf. ref. 2) 


(kK—-1)=A+ B/G. [2] 


In this relation, B/Co represents the diffusion effects that vary inversely 
as Cy; and A measures the contribution of the sol protection by the gel 
medium. 

Increasing the concentration (C,) of the protecting agent maintains B 
constant, while A increases rapidly, up to a limiting value (Figs. 2A, 2B) 
when complete peptization is attained. 

The increase observed follows the relation 


AA = (A, — Ao) = al@,/C,]” [3] 


where Ap is the A value in the absence of ammonia, and A, is the A value 
at concentration C’, of ammonia. The symbols a and n are constants: a is 
the increase in A for C,/C, = 1. C, is the sol concentration. 

Using silver salts (Fig. 1), the increase in A for a given Go) C-atatio-as 
measured by a is greatest for the oxalate and decreases in the same order 
as has been found in aqueous systems for the protection of the correspond- 
ing salt by ammonia. The values of n may vary over a wide range from 
0.3 to 2.0. 


b. Peptization by Organic Acids. The rhythmic precipitation has been 
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Fia. 2A. Precipitation of 0.01 N silver salts by excess anion (N solution), in 5% 
gelatine gels. Variation in spacing with ammonia-silver ion concentration ratio. 
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Fic. 2B. Precipitation of 0.01 N cupric salts, by excess anion (N solution), in 5% 
gelatine gels. Variation in spacing with ammonia-cupric ion concentration ratio. 
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Fig. 3. Precipitation of 0.05 M silver chromate in 5% gelatine gels (0.003 M Cl’). 
Variation in spacing with acid-silver ion concentration ratio. 


followed by causing solutions of the cation to diffuse into gelatine and 
agar gels, containing the anion together with increasing concentration of 
the protecting agent. 

The spacing coefficient varies with the initial concentration (Co) of the 
diffusing cation according to the relation (ref. 2) 


(k= 1), = dE B/ Cs; 


Increasing the concentration (C,) of protecting agent maintains B 
constant, while A increases as in Kq. [1]. 

We have shown in a previous work (1) that the increase in stability, as 
measured by coagulation time of the corresponding aqueous sol on addi- 
tion of protecting agent, is also a function of C,/C, . Hence the values of 
AA for a particular system are directly related to the stability of this sol. 

The onset of complete peptization in gel systems, however, is not re- 
lated to some specific sol stability (of, e.g., 24 hr.). Other factors which 
affect the rate of crystal growth may lead to nonappearance of precipitate, 
at relatively low A values. 

(1) Silver salts in gelatine. The protecting effect of a series of organic 
acids has been followed on the 0.005 M Ag»CrO, system, precipitated in 
5% Coignet gelatine gels (0.003 M to Cl’). The increase in spacing is 
partly due to the fall in pH of the gelatine (2). The values of AA, cor- 
rected for this factor, are presented in Fig. 3. 

(2) Silver salts in agar. The addition of citric or glutamic acid to 1% 
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Fig. 4. Precipitation of 0.005 M silver chromate in 1% agar gels (0.001 M Cl’). 
Variation in spacing with acid-silver ion concentration ratio. 
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fia. 5. Precipitation of 0.005 M lead iodide (basic) in 5% gelatine gels. Variation 
in spacing with anion-lead ion concentration ratio. 


gar gels (0.001 M to Cl’) leads to rhythmic precipitation of 0.005 M silver 
shromate, in rings of small black crystals. Values of AA are presented in 
Fig. 4. : 

6) Lead salts in gelatine. Lead iodide is precipitated in gelatine gels as 
1 series of rings separated by opaque yellow sol and the rhythmicity can 
9e followed only by complicated photoelectric techniques (3). Addition of 
ganic anions (at pH > 8) leads to the well-defined rhythmic precipita- 
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tion of basic lead iodide, as a series of thick yellow rings, separated by 
clear colorless sol. 

The AA values are presented in Fig. 5 for the 0.005 M system. 

In all cases, the increase in A for any value of C,/C; follows the order 
of peptization of the corresponding aqueous sol. 


DISCUSSION 


We have shown in a previous work (1) that peptization of insoluble 
metal salts by organic acids and anions is due to adsorption of these pro- 
tecting agents onto the micelle of the metal salt sol rather than to with- 
drawal of free cation to form a metal ion-organic acid complex; the con- 
centration of protecting agent required for complete peptization is not 
found to vary stoichiometrically with the concentration of the reacting 
anion. The negatively charged gelatine and organic acid protected sols 
are in turn coagulated by excess cation; the excess cation preferentially 
removes part of the peptizer and the fall in stability of the aqueous sus- 
pensions varies with excess cation concentration according to the relation 
proposed by Tuller and Fulmer (5) for the coagulation of sols of silver 
salts, ferric oxide, etc. 

The peptization ratios for insoluble metal salt systems ‘‘protected”’ by 
ammonia (presented in Tables IA and IB), although following the order 
of the saturation solubilities in distilled water, are also not related in any 
simple way to the values derived by application of the mass action law 
to the equilibrium, 

Agt + 2NH, — [Ag-2NH,]+ 


The experimental data indicate that peptization by ammonia is caused 
by complex formation with the insoluble copper or silver salt (MX) ac- 
cording to the equilibrium, 


MX + aNH; ~ [M-aNH3]X, 


followed by protection of the complex metal salt sol by adsorption of 
further ammonia, as proposed by Dey (6). The decrease in stability of 
the positively charged ammonia peptized sols also varies with excess 
anion concentration according to the Tuller-Fulmer relation; and this 
result demonstrates that coagulation occurs by preferential dicenares of 
the adsorbed ammonia by the excess anion. The increase in b values with 
fall in the ammonia-salt concentration ratio shows that discharge by anion 
occurs more readily as the amount of adsorbed ammonia is reduced. 

Two factors determine the spacing in rhythmic precipitation: diffusion, 
on the one hand, and adsorption and subsequent stabilization of a sol on 
the other; and the rhythmicity is mainly defined by the constant A in the 
spacing nintion discussed in an earlier work (2), 


(k= 1) = Aen ee 
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As we have previously shown (1), the increase in stability of an insolu- 
ble metal salt sol from 4 to f , caused by addition of protecting agent at 
concentration Cy , is given by the relation, 


logiote/t = F(C>/C,), [4] 


where F is a constant for the particular metal salt-protecting agent system 
in aqueous solution. 

Destabilization by excess of reacting ion (at concentration 2) follows 
the general relation, 


logiot = logioto — b(é/C,), [la] 


where in turn b = 6(C,/C,) ". The addition of protecting agent thus 
necessitates an increase in the excess ion concentration (Aé) to reach 
rapid coagulation (at ¢ = 1 sec.) and precipitation. Comparison of [4] and 
[la] gives: 


AC 


F/b(Cp/Cs) 
F/6(C,/C.)"*”. [5] 


This in turn leads to an increase in the constant A of the spacing rela- 
tion [2]; and AA will be a function of Aé, i.e., of F and (C,/C,). 

Such a relation, AA = a(C,/C,)", is indeed observed experimentally 
over a wide range of C’,/C, values. 

The increase in spacing observed in gel media runs parallel to the in- 
crease in stability of the corresponding aqueous sol; and the constant a 
is related to /, and also varies inversely as the peptization ratios for a 
series of salts with common cation. 

The techniques used by Liesegang and subsequent workers (3, 4) have 
generally led to systems of thick diffuse rings separated by partially coagu- 
lated turbid sol that do not lend themselves to quantitative recording, 
except by special photoelectric instruments; whereas, although more 
sharply defined rings are obtained in systems rhythmically precipitated 
in two dimensions (4, 7), the low spacing coefficients (k < 0.005) can be 
determined only by high-power optical magnification. Values for the 
spacing are thus rarely given in the literature, and workers in this field 
have generally estimated the rhythmicity by counting the number of 
visible rings. 

This work has shown that the lack of clarity is due to the high floc- 
culating power of the diffusing cation on the peptized sol first formed 
(between successive rings). However, whenever a greater sol stability is 
obtained by the presence of protecting agents, the periodic precipitation 
is well defined, and the general laws governing the phenomenon may be 
Jetermined with accuracy. Such substances as silver oxalate, chloride, 
und bromide (8-10), and lead iodide (3) that have failed to show rhyth- 
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micity in gelatine, exhibit good rhythmic behavior and higher spacing 
coefficients on addition of suitable protecting agents. 
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LETTERS TO THE EDITOR 
DIFFUSION BATTERY 


The method given for end effect corrections in the subject paper (1) by 
use of two batteries of the same cross-section but different lengths, is 
incorrect. As applied to the batteries described, the method depends on the 
aerosol concentration distribution 4.92 cm. from the long battery channel 
entrance being completely random, which will not be the case. Although 
the method as given avoids gross errors owing to the high turbulence in the 
channel entrances, calculations have shown that its use can introduce 
errors of up to 20% in the diffusion coefficient when no end effects exist 
and results are not extrapolated to zero flow. 

However, this does not invalidate the data or conclusions of the paper. 
An extrapolation of the diffusion constants obtained by the large battery 
alone to zero flow gave diffusion constants identical with those obtained by 
the method described in the paper. It was apparent that the extrapolation 
to zero flow is the only essential part of the correction procedure; use of a 
shorter battery to correct the data obtained by a longer one is unnecessary 
and undesirable. 
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THE CHARGING OF AEROSOLS BY IONIC DIFFUSION 


In connection with the paper by R. Gunn (1) dealing with this subject 
we would like to mention a similar theoretical and experimental study of 
this problem made by us before the World War II (2, 3). From the differ- 
ential equation for the diffusion of gaseous ions towards a charged ab- 
sorbing sphere (the effects of the mirror forces and of the concentration 
jump at the surface of the sphere being neglected) the following expres- 
sion was derived for the stationary charge distribution on the droplets 
of a fog in a bipolar ionic atmosphere 


Ni = no(D4v4)'(D_-v_) exp(—?e'/2akT’) [1] 
107 
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and a similar expression for n_,;. In these expressions "+; and n_; are the 
numbers of the droplets per unit volume, with 7 positive and negativa) 


charge, a is the droplet radius, », the number of ions per unit volume} 
and D their diffusion coefficient. The expressions are fairly accurate wher 
ie’/akT < 1. If the usually small difference between D,v; and D_v_ is 
neglected, the Boltzmann equation [2] is valid. | 


Nai = Ni = No exp(—i'e’/2akT). (2) 


Divs =—D_v_. | 

In the experimental part of our work the size and the charge of about} 
2500 individual thermally produced oil droplets with radii ranging from| 
0.14 to 0.22 » and from 1.0 to 2.0 » were determined ultramicroscopically.| 
The air in the fog chamber was highly ionized by radium, as in Gunn’s} 
experiments, and the stationary state of charging was reached in a very) 
short time. All measured droplets were divided according to their radii in| 
the following groups: 0.14-0.16 uw; 0.17-0.19 uw; 0.20-0.22 uw; 1.0-1.3 yu; 
1.3-1.6 yw; and 1.6-2.0 uw, and in each group the distribution calculated 
by means of Eq. [2] was compared with the experimentally determined 
distribution. The agreement was reasonably good in almost all cases. In 
accordance with the fact that D. > D, the number of negatively charged 
droplets was slightly (~10%) larger than that of positive droplets. In 
Gunn’s experiments with water droplets an opposite relationship was 
found, apparently owing to some secondary effects (photoemission, double- 
layer field, etc.). 
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REPLY TO LETTER TO THE EDITOR BY N. FUCHS AND 
P. LISSOWSKI 


I am glad to acknowledge the oversight of the Russian papers men- 
tioned in the above Letter to the Editor, but must point out that the 
papers are not at all similar. A careful reading of their papers will show 
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that their Reference 3 above has little or no bearing on the subject matter 
of my work. The experimental measurements on oil droplets of Reference 2 
are of interest, generally confirm our expressed conclusions, and are cred- 
itable. On the other hand, I cannot agree with much of the analysis of 
Reference 2, and, certainly the papers and derived equations are not at all 
similar. For example, Gunn’s basic aerosol equation (Eq. 12 of Reference B 
below) cannot be transformed to their basic Eq. 1 above by any means. It 
should be noticed that only the normalized forms of the basic derived 
equations degenerate to the same Boltzmann relation under the highly 
specialized restriction imposed in the above letter. This degenerate agree- 
ment, therefore, is not particularly significant and implies, principally, 
that classical statistics were employed. 

The fact that ions diffuse onto droplets and electrify them has been 
known a long time. For example, J. S. Townsend (1914) worked out expres- 
sions for the electrification of droplets by diffusion and applied his results 
to the measurement of the elementary charge. An important part of my 
1954 and 1955 papers (Reference A and B below) was based on my old 1935 
work which emphasized that each cloud droplet in a bipolar ionized atmos- 
phere acted as if it were one pole of a gaseous concentration cell. Expres- 
sions were adopted for the systematic droplet charge that closely approx- 
mates the values used in Reference B below, and these principles were 
applied to a useful quantitative theory of rain electrification. My recent 
papers consider a number of important physical factors not mentioned in 
the Russian work and obtained expressions that cannot be transformed to 
their basic relations. I, therefore, fail to find recognizable similarity in 
the referenced works. Doubtful readers should consult the originals. 
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BOOK REVIEWS 


Glass-reinforced Plastics. Edited by Puiniae Morean, The New York Philo- 
sophical Library, New York, 1954. 248 pp. Price $10.00. 

Since the wartime success in the utilization of glass-reinforced plastics in aircraft, | 
the usefulness of these materials has been widened considerably. In view of this |, 
increase in use there has been a constant demand for information on these materials || 
in a single source. This book provides such a source and presents the essential facts | 
covering the materials and their use in various processes and applications. It will go | 
far toward bringing some semblance of understanding to a field which has to a cer- 
tain extent been shrouded in secrecy. The authors bring to the specialist the elemen- 
tary principles of fields in which he may not be directly involved, but a knowledge 
of which will enable him to have a better understanding of the field as a whole. A 
copy of this book should be on the desk of everyone engaged in a phase of reinforced 
plastics work. 

The types and treatments of glass fibers used in this work are given, together with 
the properties of laminates of each. Polyesters are discussed in detail, both as to 
preparation and use. Phenolics, epoxides, and silicones are treated at some length 
while miscellaneous resins which have been used in this field are referred to. The | 
various molding techniques are described, and there is a very excellent chapter on 
the mass production of pipe and rod. Other chapters cover the application of rein- 
forced plastics in the aircraft, automotive, electrical, and boat-building industries. 

That the book was assembled hastily is self-evident. Considerable overlapping 
occurs in Chapters II, III, and IV on the discussion of polyesters, and the subject 
of glass treatment is covered in detail in two places. There are also errors which can 
be attributed to proof-reading such as ‘‘the difunctional monomers methyl] acrylate, 
methyl methacrylate, vinyl acetate....’’ Some of the tables are quite adequate 
while others leave much to be desired. However, these criticisms do not detract from 
the overall value of the book. The authors are to be commended for their efforts to 
bring together in one place information on this growing field. 

R. E. Davies, Summit, New Jersey 


Microscopy of Ceramics and Cements. By Herpert InsteY AND VAN DeRcK 
Fricuprrs, Adademic Press Inc., New York 10, New York, 1955. 286 pp. Price $7.50. 

This book deals with clay minerals and products, cements, glass and vitreous 
enamels, refractories, slags and foundry sands, and abrasives. It should be in every 
laboratory where any of these are investigated. For advanced students in ceramics, 
or in inorganic chemistry or mineralogy, who are likely to work with these materials, 
it is filled with examples and suggestions for further studies. 

It very properly presupposes knowledge of optical crystallography, although it 
covers the adaptation of the usual techniques to the study of fine-grained aggregates, 
and other special methods. Excellent selected bibliographies for each section deal 
with topics that the authors cannot present at length but that are essential reading 
for further work. Numerous photomicrographs are included, all of high quality con- 


sidering the difficulty of the specimens. A well-reproduced color chart of retardation 
vs. thickness is a valuable feature. 
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The discussions are particularly stimulating because they consider what happens 
in the specimen and not merely its static components. Perhaps phase diagrams here 
and there would be convenient for reference, but even without them physical and 
inorganic chemists should find the book interesting reading, and could hardly resist 
looking into some of the references. 

The value of an encyclopedic work such as this is comes not only from what it 
includes for the seeker of special information, but in what it suggests to him from 
outside this specialty. By writing it, the authors have committed themselves to an 
ever-increasing coverage in later editions. It is hoped that this may include more 
on abnormalities and service failures, and an improved chapter on abrasives. 

C. W. Mason, Ithaca, New York 


The Nucleic Acids: Chemistry and Biology (in 2 vols). Edited by Erwin Cuar- 
Garr and J. N. Davrpson. Academic Press, New York, 1955. Vol. I, 692 pp. Price 
$16.80. Vol. II, 576 pp. Price $14.50. 

The efforts of the editors and a total of thirty-three contributors have gathered 
together in these two large volumes an enormous amount of detailed information 
about the nucleic acids, their constituents, and what is known of the part they play 
in various aspects of cellular biology. The plan of the work is exhaustive. Nearly 
2400 references to the original literature are given in Volume I alone. By far the 
: largest number of these references are of comparatively recent date, and a very sub- 
stantial part are the product of the last ten years. This compendium will, therefore, 
| be of great value to all those working with nucleic acids and their constituents, or 
to those concerned with their role in biology. 

The contributions in the first volume are devoted to the organic and physical 
chemistry and the physical properties of the nucleic acids: their isolation, resolution 
into, and characterization of, their components, characteristic reactions, and deter- 
mination of their chemical structure. The second volume deals extensively with 
biological aspects: the extent to which nucleic acids are found in cells and tissues; 

cytochemical techniques for their detection and estimation; their occurrence and 

distribution in cell nuclei, and particularly in chromosomes; their occurrence in 

cytoplasm; biosynthesis of their constituents and of the nucleic acids themselves; 
metabolic aspects; and their role in growth and in infection, and as genetic deter- 
minants. 

It is not easy for a single specialist to evaluate every contribution. The work as 
a whole suffers slightly, as is inevitable in one of this structure, from only partly 
successful integration, and a certain amount of duplication occurs in the work of 
various contributors. This appears to be deliberate rather than by editorial over- 
sight, since the work is not of such a character that every reader might be expected 
to read it as a whole. For the biochemist or biologist whose own speciality lies else- 
where this is a disadvantage. For the latter an additional chapter (even though 
necessarily a long one) which would outline and summarize and thus provide a con- 
venient orientation in this complex and rapidly expanding field, would have been 


welcome. 


JACINTO STEINHARDT, Cambridge, Massachusetts 
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OSCILLOMETRIC INVESTIGATION OF PRECIPITATION AND 
DISSOLUTION RATES OF SPARINGLY SOLUBLE SULFATES 


Peter J. Lucchesi 
Department of Chemistry, Illinois Institute of Technology, Chicago, Illinois 
Received January 3, 1956 


ABSTRACT 


The rate of formation of BaSO., PbSO,, and SrSO, from their supersaturated 
aqueous solutions have been followed oscillometrically by continuously recording 
the rate of decrease of conductance of the solution during precipitation. The sample 
is capacitance-coupled to the tank circuit of a commercially available oscillometer 
which resonates at 5 megacycles. Rates are reported as a function of temperature, 
agitation, and initial concentration of reagents. Initial rates of formation of the pre- 
cipitates are measured continuously during the first few seconds of the precipitation 
by impressing the off-balance signal on a recorder. In order to follow precipitation 
and dissolution rates with the apparatus, it is necessary to choose systems which 
can be studied in the concentration region where the instrument is sensitive to 
changes in ionic concentration. In general, the results are in qualitative agreement 
with the diffusion theory, but the rates depend upon the order of addition of reagents 
in a manner which indicates that such factors as the electrokinetic potential at the 
solid surface are of considerable importance. 


INTRODUCTION 


The kinetics of precipitation of sparingly soluble salts have been studied 
by a variety of experimental techniques since the early work of von Wei- 
marn (1, 2). These techniques have included interferometric (3, 4, 5), 
light-scattering (6, 7), potentiometric (8), and polarographic (9) methods. 
Recently, Diehl (10, 11) has reported work on the BaSO, system using a 
high-frequency conductometric titration apparatus. 

The oscillometric technique (12) employs a tuned circuit resonating at 
its natural frequency, as determined by the values of the inductance and 
capacitance of its tank circuit. The sample under investigation is coupled 
to the oscillator through its inductance or capacitance. In the instrument 
used in this work, the sample forms the principal dielectric component of the 
condenser of the circuit. Therefore, changes in sample conductivity or 
dielectric constant, or both, produce changes in the capacitance of the 
resonant circuit and, hence, alter the natural frequency. This change is 
measured by restoring the frequency of the circuit to its prior value by 
means of calibrated parallel capacitors. Alternatively, the off balance sig- 
nal can be impressed on a recording instrument for continuous recording. 
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The oscillometric technique is rapid and convenient, and it offers the ad i 
vantage of eliminating the need for immersing electrodes in the sample; 
solution. 

Since it has been reported (13, 14) that in dilute aqueous salt solutions}: 
the changes in dielectric constant are negligible compared with conductance} | 
changes, the changes in conductance during precipitation or dissolution of : 
ionic salts can be followed oscillometrically. The present work reports the} 
results of experiments on the formation of SrSOu, BaSO., and PbSO,} 
from their supersaturated aqueous solutions. Attempts to apply the} 
method to the determination of dissolution rates are also reported. 


EXPERIMENTAL 
1. Apparatus 


The oscillometer was the E. H. Sargent Model V. This circuit resonates |} 
at 5 megacycles, and the sample solution is capacitance-coupled to the || 
tank circuit. The standard sample cell was provided with a glass coil || 
through which was passed thermostated water from a water bath. The |} 
water bath was equipped with a heater and a freon compressor, so that the |} 
temperature of the circulating water could be varied at will in the range | 
0-40°C. In the low temperature range, the temperature of the sample in || 
the cell could be regulated to +0.1°. In the range 15-40°C., the temperature | 
could be regulated to +0.05°. Fluctuations in temperature of such magni- | 
tude are well within tolerance. In general, the rate of precipitation de- | 
creases with increasing temperature, and the conductance of the solution | 
increases. The net effect on the measured rate is such that a temperature | 
control of +0.1° was found to be entirely within the reproducibility of the | 
measurements. Since part of this research was concerned with a study of 
the effect of agitation, stirring was provided when needed by means of an 
electronically controlled stirring motor. The output of the oscillometer 
was fed to a voltage divider and then to a fast response Leeds and Northrup 
Speedomax recorder. Thus, precipitation in the sample decreased the 
conductance and drove the circuit off resonance, the signal giving on the 
recorder a continuous representation of the decrease in conductance of the 
solution with time. It is, of course, necessary to use a recorder of rapid 
response so that the rate of recording is faster than the rate of change of 
conductance. For the Speedomax employed, the response of the recorder 
was faster than the measured rates by about a factor of 10. 


2. Limitations 


One important limitation of the apparatus narrows the range of salts 
whose dissolution or precipitation rates can be studied. At 25.0°C., the 
change in instrument response with increasing concentration of ionic 
salts in water is given in Fig. 1 for SrClx, BaCl,, Na.SOu., and K.SOx. 
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Fig. 1. Oscillometer response versus concentration of electrolyte at 25.0°C. 


Within the reproducibility of the data, all points fall on the same curve. 
However, it is apparent that in very dilute solutions and in solutions more 
concentrated than approximately 0.002 M, the sensitivity of the instru- 
ment with changing concentration is very poor. In the intermediate range, 
the sensitivity is good and the response varies linearly with electrolyte 
concentration. In order to measure precipitation rates, it is necessary to 
work at concentrations such that the rates are followed entirely in the 
range of maximum sensitivity. If the original ionic concentration is on the 
plateau of the curve, and if during the precipitation the concentration falls 
to the sensitive region, the recorded rate will merely reflect the changing 
sensitivity of the instrument. On the other hand, when dissolution rates 
are measured in pure water, we are working at the other extreme where the 
instrument is again insensitive to small concentration changes. The curve 
recorded is flat until the solute concentration becomes large enough so 
that the system is in the sensitive range of the instrument. A straight line 
is then obtained corresponding to the dissolution rate of the salt in an 
aqueous solution of its ions at the concentration at which the instrument 
becomes sensitive. Hence, initial rates in pure water cannot be measured, 
and no rates can be obtained for salts whose solubility is below the sensi- 
tive region. 
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3. Procedure 


In one series of experiments, the thermostated cell was filled with 100 ml.) 
of an aqueous solution 0.001 M in PbCl:z, BaClz, or SrCl2. With the solu-} 
tion held at constant temperature, K,SO. was added by spraying into the} 
solution 1.0 ml. of an aqueous solution 0.1 M in K,SO,. Both solutions were} 
at the same temperature. The addition was accomplished by means of aj} 
plunger device which drove the solution through a capillary sealed to thet! 
end of a calibrated pipet. Hence, the initial concentrations on mixing were}| 
approximately 0.001 in SO. and in cation. In another series of experi- 
ments, a 10-ml. cell was used which was fitted with an outer jacket through |) 
which thermostated water was pumped. The reagents were sprayed into} 
the cell in such a manner that they met in a stream and were mixed before }} 
entering the cell. In these experiments, 5 ml. of 0.001 M K2SO, solution || 
were mixed with the same volume of 0.001 MV solution of the cation. The | 
results obtained with these mixing techniques agreed with each other within | 
the reproducibility of duplicate measurements using the same mixing pro- || 
cedure. 

Immediately upon mixing, the recorder registered a sharp increase in | 
reading due to the increase in electrical conductivity of the solution. In | 
some cases this was followed by an induction period after which the con- | 
ductivity began to decrease. The nature of the curves recorded is demon- 
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Fig. 2. Change in conductance of solution during formation of BaSO, at 25.0°C. 
(A) mixture of 50 ml. 0.0001 M@ BaCly and 50 ml. 0.0001 Na2SO,-10H20. (B), (G.. 
and (D) change in response of instrument on successive additions of 1 ml. aqueous 
solution containing 1 mg. NaSQ,. 


OSCILLOMETRIC INVESTIGATION OF SPARINGLY SOLUBLE SULFATES 117 


strated in Fig. 2. This curve was redrawn from the recorder plot of the 
BaSO, system. The initial portion is linear for approximately 10-20 sec. 
and then begins to taper off. The rates reported in this paper are in number 
of recorder divisions traversed by the pen during the first 60-sec. time in- 
terval, and as such they represent the initial rate of formation of the pre- 
cipitate from its supersaturated solution. For the relatively insoluble 
BaSOu, these rates could be measured in less than 1 min., depending upon 
the length of the induction period. Figure 2 shows the results obtained 
when successive portions of NazSO, were sprayed into a BaCl: solution. 
The sharp increases in response are due to the increased conductivity on 
addition of sulfate, and the subsequent decreases give the rate of formation 
of BaSO,. The slopes of these lines decrease in magnitude, indicating that 
the rate decreases as the Bat? concentration in the solution decreases. 
After each addition, the net conductivity is increased, since the net process 
involves replacement of a Ba*t ion by 2 Na* ions. 


4. Materials and Solutions 


All salts used for preparation of standard solutions were Mallinckrodt A 
R grade. Solutions were made by weighing to 0.1 mg. on an analytical 
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balance and all volumetric apparatus was calibrated. Water was singly | 
distilled and had a pH of approximately 6.6. : 


RESULTS 
1. Dissolution Rates 


For the reasons outlined above, attempts to measure initial dissolution | 
rates in pure water were not successful. It was not difficult, however, to | 
measure these rates in solutions which originally contained dissolved ionic 
solutes in concentrations approximately 0.0001 M; i.e., in the sensitive | 
range of the instrument. For example, by embedding SrSO, crystals on the | 
surface of plastic stirrers previously softened by treating with acetone, the | 
initial rate of dissolution in 0.0003 M HCl was easily obtained directly | 
from the recorder plots, which were linear. Since these measurements can- | 
not be directly compared with the precipitation experiments in pure water, | 
the data are not given in this paper. 
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Fia. 5. Effect of temperature on rate of formation of SrSO, at initial Sr++ and 
SO," concentrations of 0.001 M. 


2. Precipitation Rates 


The rate of formation of BaSO, from water at 25.0°C. and at initial 
Bat* and SOs concentrations of 0.001 M is plotted in Fig. 3 as a function 
of stirring rate. This graph also includes similar data for the PbSO, sys- 
tem. The rate obtained on mixing, with no external agitation, is plotted 
as a function of the temperature for BaSO, and SrSO, in Fig. 4 and Fig. 5, 
respectively. It was of interest to study these rates at constant concentra- 
tion (0.001 1) of anion and varying concentration of cation and vice versa. 
These data are given for the BaSO, system in Fig. 6. At 25.0°C., it was 
found that the rate of formation of SrSO, was the same, within the re- 
producibility of the measurements, as that of PbSO,, despite the greater 
solubility of the former. For the PbSO, system, the rate obtained on add- 
ing 1.0 ml. solution 0.1 M in Pbtt to 100 ml. solution 0.001 M in SO,°, 
at 25.0°C., was approximately double the rate observed when the order 
of addition was reversed. 


3. Experimental Hrror 


For the BaSO, system, the average deviation from the mean of a set of 
identical experiments was found to be 12% in the least favorable case. 
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Fie. 6. Rate of formation of BaSO, at 25.0°C. as a function of Ba** concentration 
at constant SO." conceniration (0.001 /), and as a function of SO,“ concentration at 
constant Ba*~ concentration (0.001 M). 5 


For the more soluble SrSOQ, and PbSO,, the reproducibility was poorer 
and was of the order of 17%. The principal difficulty was found to be a 
result of spurious pulses registered by the oscillometer during low-tem- 
perature experiments. These were a result of condensation of water on the 
terminals around the outer surface of the sample cell. More reproducible 
results were obtained when the thermostated water was circulated through 
a glass coil immersed in the solution than in the jacket type cell which was 
thermostated by circulating water through its outer jacket. The repro- 
ducibility of the results appeared to decrease with increased stirring in 
the SrSO, solutions, and the same effect was observed for low-temperature 
experiments in the PbSO, solutions. However, the trend observed was an 


increased rate of formation of PbSO, at lower temperatures and a rate” 


that increased slightly with stirring in the SrSO, solutions. These trends 
are considered reliable, but the uncertainty in the quantitative data is too 
large to warrant presentation in the graphs. 


4. Induction Period 


In many cases, an induction period was observed before precipitation — 
began. In SrSO, solutions, this period was observed to be as long as 3-5 


—— 
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nin. Induction periods were also observed in the BaSOQ, studies, and they 
anged from 5-45 sec. However, the length of the induction period depended 
m the concentration and the order of addition of the reagents. For ex- 
imple, in the PbSO, and BaSO, experiments, the induction period was 
nvariably longer when the cation was added to the sulfate solution than 
t was when the order of addition was reversed. Also, when 1.0 ml. of the 
3at* solution was added to 100 ml. of the solution 0.001 M in SO.-, the 
nduction period increased with increasing concentration of Ba*+; i.e., 
vith increasing degree of supersaturation. 


Discussion 


In a general way, the data obtained reveal a qualitative agreement with 
he diffusion theory as proposed by Noyes and Whitney (15), and later 
nodified by Nernst (16), Berthoud (17), and others (18, 19). This theory 
onsiders the process of crystal growth as diffusion controlled, or as a com- 
ination of the transport process and the reaction at the surface of the 
rowing crystal. In general, the treatment predicts a rate proportional to 
he surface area, the difference between the instantaneous concentration 
f the reagents and the equilibrium solubility of the salt, and to the diffu- 
ion coefficient of the depositing species across the crystal-solution inter- 
ace. The rate should also increase with increasing stirring of the solution. 
Jualitatively, the experimental facts support these predictions. For ex- 
mmple, the rates increase markedly with stirring, they decrease with in- 
reasing temperature or decreasing solubility of the salt, and, at constant 
oncentration of anion (or cation), increase with increasing concentration 
f cation (or anion). 

However,-a more quantitative examination of the data reveals that the 
nechanism involved in the formation of the precipitate is more complex 
han the mechanism pictured in the diffusion theories. For example, the 
ffect of temperature on the rate of formation of BaSO, and SrSO, is 
nuch greater than the known temperature coefficient of their solubility 
n water. In the range 0°-26°C., the solubility of BaSO, increases by ap- 
yroximately 50% and that of SrSO, by 33% (20, 21). 

An interesting variation is observed when the rates are measured at 
onstant Ba++ or Pbt+ concentration and varying SO;- concentration, 
nd vice versa. The rate of formation of PbSOs, is faster, at room tempera- 
ure, when Pbt+ ions are added to SO, than in the reverse case. 

Similarly, as evident from Fig. 6, addition of SO. to Batt gives a slower 
ate of formation than the reverse case, but at SO.- concentrations greater 
han 0.004 M the effect appears to be reversed, and addition of SO. to 
sa++ gives faster rates than obtained when the order is reversed. Hence, 
1 dilute solutions, the addition of SO.= to a forming BaSO, or PbSO, 
recipitate is more difficult than the addition of the cation. At higher con- 
entrations, in the case of BaSO., the reverse is observed. 


122 PETER J. LUCCHESI 


‘} 
potential at the surface of the precipitate and by the sign of the charge on 
the surface. Unfortunately, the available data on the electrokinetic poten} 
tial of PbSO,, SrSOy, and BaSO, are in some cases conflicting. Thus} 
Buchanan (22-24) reports these potentials are positive in aqueous alcoholia} 
solutions and reports the BaSO, potential in its saturated aqueous solutio i! 
as positive. However, this appears to vary markedly with surface struc i 
ture and temperature, and it may even change sign in the presence of im} 
purities. On the other hand, Ruyssen (25, 26) reports that in a saturated 
solution crystals of BaSO, are negatively charged, and that the electro 1 
kinetic potential changes sign in BaCl, solutions. Since the potential andi|| 
its sign depend upon the composition of the solution, the temperature, 
and the surface regularities, it is not surprising that the observed rate 4) 
of formation of the precipitates vary with the order of addition of reagent | 
and with the temperature in a manner only qualitatively explained by thell 
diffusion mechanism. 

Such surface factors appear to be important in exchange studies. For 
example, very recent work indicates the rate of exchange between SOs") 
ions in saturated aqueous solutions and solid PbSO, differs from the rate} 
of exchange of Pb++ ions (27). : 
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ABSTRACT 


The relation between the concentration of the electrolyte and the time of coagu- |) 
lation expressed by a new equation was checked employing the data, available in| 
the literature, on the dependence of the time of coagulation on the concentration }| 
of the electrolyte. These data consist of results obtained from studies on (1) vis-| 
cosity, (2) light absorption, (3) extinction coefficient, and (4) counting of particles. 

The time of coagulation, ¢, obtained by each of the above methods was plotted 
against 1/(C — a). Straight lines were obtained for each set of values according to } 


1 n 1 
the relation expressed by = —t +—, which ean be readily deduced from the | 
C-a m m | 

J m. 1/t : : 
equation, C = a+ pastes Here C is concentration and a, m, and n are constants. | 


Thus it is shown that the relation between the concentration of electrolyte and } 
time for the same stage of coagulation is well expressed by the above equation, ir- | 
respective of the method used. 


1. InrRODUCTION 


The relation between the concentration of the electrolyte and the time | 
of coagulation of As.S;, Cr(OH); and Fe(OH); sols has been communi- | 
cated in a series of publications by Bhattacharya and Kumar (1, 2). The 
time of coagulation, ¢, and the concentration, C, of the electrolyte could 

m.1/t 
n+ 1/t 
stants and a is another constant obtained graphically from the intercept 
on the concentration axis of C versus 1/t curves. This equation reduces — 


1 
to the form ames ine a i ve 
orm, "mee Pe ai me By plotting 1/(C a) against t, it was 


be represented by the equation, C = a + , Where m and n are con- 


| 
| 


shown that straight lines were obtained in the study of slow coagulation, 
confirming the linearity of the foregoing equation. Extensive studies of 
coagulation have been carried out by many workers in this field, such as 
Smoluchowski (15), Freundlich (4), Zsigmondy (18), Weiser (16), West- 
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gren (17), Kruyt and Van Arkel (9, 10), Dhar and Ghosh (3), Mukherjee 
(14) and Joshi (6, 7). Inspite of their extensive work the fact remains that no 
suitable expression is found in the literature which correlates the concentra- 
tion of the electrolyte with the time of slow coagulation. In order to 
confirm our new equation, the times corresponding to the same stage of 
coagulation with different concentrations of electrolytes were determined 
from the available data as follows. 


1. Study of Slow Coagulation 


a. By Viscosity, Light Extinction, and Light Transmission Methods. 
Gann (5) studied the slow aggregation of colloidal particles of Al,O; by 
measuring the changes in the time of efHux at different time intervals 
through the capillary cf a viscometer. 

Kruyt and Troelstra (12) measured the percentage of extinction of light 
during the coagulation of AgI sol at different time intervals. 

Mukherjee (14) studied the coagulation of an As»S; sol by the change in 
intensity of the transmitted light at different intervals of time. 

They determined the variations of the above properties with time using 
several concentrations of different electrolytes. Characteristic curves were 
obtained by plotting the magnitude of variations in the physical property 
studied against the intervals of time. 

The stage of coagulation was defined by drawing a line parallel to the 
time axis. This line cut the family of curves (one curve for each different 
concentration of the electrolyte). It was assumed that the same value of 
viscosity or light extinction or transmission connotes the same state of 
ageregation and hence of coagulation. The time intervals at the same stage 
of coagulation for different concentrations of the electrolyte could now be 
easily read from the curves. Having thus obtained the values of the time of 
coagulation ¢ at the same stage for known concentration C, the C versus 
1/t curve was plotted. This curve cuts the C-axis when 1/t is equal to zero, 
.e., when ¢ tends to infinity. This intercept on the C-axis gives the value of 
the constant a. 

Since the concentration of the electrolyte is already known, 1/(C — a) 
could be plotted against ¢ and straight lines were obtained in all cases ac- 


sording to the equation Rey * The value of 1/m was now de- 
m 


"C-—a 
ermined from the intercept on the 1/(C — a) axis, when ¢t = 0. The tan- 
rent of the angle with the ¢ axis is equal to n/m. Thus 1/m or m being 
snown, n was calculated. In this way the constants, a, m, and n were de- 
ermined. | 

b. By Counting the Number of Particles. Kruyt and Van Arkel (9-11) 
ybserved the slow and rapid coagulations of a selenium sol by counting the 
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number of particles at different intervals of time at different concentra 
tions of electrolytes. In this paper the times of coagulation for differen 
concentrations of the electrolyte at the same stage were given in tables} 
Hence C versus 1/t and also 1/(C — a) versus t curves were drawn, and 
the values of the constants were determined as already stated. | 

It may be noted that the curves of C versus 1/t as well as 1/(C — a) 
versus ¢ will refer to a particular stage of slow coagulation as obtained byy 
drawing a line parallel to the ¢ axis and cutting the curves for differenti 
concentrations of the electrolyte added to the sol. If we take different stagest: 
of coagulation, the straight lines obtained by plotting 1/(C — a) versus th 
will not be identically the same. I 


TABLE I 
(See Figs. 1 and 2) 
Sieg tg Conc. of Time of " 1 on » 
expressed in & | Gnatsis' | “eminsa” | I | Gast.) |e a4) (mitt) | (mint) 
75 100 29.54 33.85 50 20 62.5 6.875 
90 50.00 20.00 25 
80 68.18 14.66 33 
70 150.00 6.667 50 
70 100 11.36 88.04 50 20 62.5 13.125 
90 25.00 40.00 25 
80 38.64 25.88 33 
70 81.82 12,22 50 
60 195.45 5.116 100 
65 100 6.82 | 146.6 50 20 62.5 21.25 
90 13.64 73.31 25 
80 25.00 40.00 33 
70 52.27 19.13 50 
60 VTE Pa 7.857 100 
100 


See Table | 
@ values: 


60 
0,75; 0,70;4,65 
40 a ee a a 
ie) 2 2640~—CtC« OO 80 100 120 140 
! 3 
+x lO — 


BiG 
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; 100 
° 80 
& 1219) 
Lo] 
-|; JO See Table | 
20 @ values: ,75; ,70; ,65 


O 20 40 60 80 l00 =6—12O. = 1140S 160——«*d8D—s«a2.00 


t —— 


Brea? 


II. OBSERVATIONS 
1. Gann’s Experiments on Viscosity Changes during Coagulation 
a. Electrolyte: KCt1. 
| TABLE II 
(See Figs. 3 and 4) 


= 


: Coagulation Conc. of Time of Co- : 
sivextgction, oe eae ay Sam (mit EP NC aa (mit 1.) (min) 
0.5 126.92 8 0.125 70 175.7 113.6 34.08 
135.58 5 0.200 152.5 
149.04 3 0.333 126.5 
167.30 2 0.500 102.8 
0.4 111.54 8 125 70 240.8 113.6 56.8 
123.08 5 200 188 .4 
134.61 3 333 154.8 
144.23 2 500 134.7 
173.08 1 1000 97.01 
0.3 92.31 te} 125 70 448.2 113.6 127.8 
103.84 5 200 295.5 
115.38 3 333 220.4 
124.04 2 500 185.1 
142.31 1 1000 138.3 


See Table 2 
E values! 
0,.3;0,.4;4,.5 . 
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See Table 2 
E values! 
0,.3; 0,.4;4,.5 


Fic. 4 


2. Kruyt’s and Troelstra’s Experiments on Extinction of Light during 
Coagulation 
b. Electrolyte: KNO3. 


3. Mukherjee’s Experiments on Transmission of Inght during Coagulation 
a. Electrolyte: NaCl. 


TABLE III 
(See Figs. 5 and 6) 
Coagulation 
stage expressed! Conc. of Time of ‘ 1 Ms or 
sprees eteteayese| pugaragon | IOI O01) eae ee 
tion 0) (mm.) 
70 0.091 2.222 45.01 0.076 66.67 0.05 0.035 
0.0838 5.000 20.00 142.90 
0.077 32.220 3.10 1000.00 
80 0.091 WEN 90.01 0.076 66.67 0.05 0.060 
0.083 2.500 40.00 142.90 
0.077 20.000 5.00 1000.00 
90 0.091 0.833 120.00 0.076 66.67 0.05 0.0925 
0.083 1.805 55.41 142.90 
0.077 13.330 7.50 1000.00 
1000 


90 


) | 600 
! : 
= 80 See Table 3 ~ 400 
S 6 values: 
0,70mm ;4,80mm; Pee ; 
0,90mm 200 0,70mm; 4,80mm; 
ms 0,90mm 
0 “920: 40" 60760" 00L = eon ne ae 
ae tee 0 OPS 20 30 
Fie. 5 


_ stage expressed 
in transmission 
_ (deflection 6) 
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b. Electrolyte: BaClh. 


TABLE IV 
(See Figs. 7 and 8) 
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Coagulation 


mm.) 


20 


25 


30 


O 200 


Time of 

electrolyte, C | coagula- 
WW) (mins.) 
0.00200 4.0 
0.00182 1 
0.00167 13.0 
0.00154 30.0 
0.00200 2.0 
0.00182 4.0 
0.00167 6.5 
0.00154 14.5 
0.00200 1.0 
0.00182 2.0 
0.00167 3.0 
0.00154 6.0 


See Table 4 
© values : 
4,20mm,;0,25mm, 


0,30 


400 600 
+ x1Oo— 


Fie. 7 


mm 


800 


1000 


See Table 4 

6 values: 
4,20mm;0,25mm; 
o, 30mm 


1 1 
= X 108 Wy) Cas WW) (nin-) 
250.0 | 0.0014 | 1667 | 0.00125 | 0.001375 
133.3 2381 
76.9 3704 
33.3 7143 
500.0 | 0.0014 | 1667 | 0.00125 | 0.002750 
250 .00 2381 
153.80 3704 
68.97 7143 
1000.0 | 0.0014 | 1667 | 0.00125 | 0.006125 
500.0 2381 
333.3 3704 
166.7 7143 
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c. Electrolyte: Alz(SOs)s. 


TABLE V 
(See Figs. 9 and 10) 


Coagulation 
SiSeclexs Concn. of Time of M 
pressed in | 4) lyte C lation, i x 103 # 
Ena | Powis) | ane 
(mm. 
25 9.000400 5.238 190.9 0.00034 16670 
0.000885 8.095 123.5 22420 
0.000370 | 13.000 76.9 32890 
27.5 0.000400 2.70 370.4 0.00034 16670 
0.000385 4.10 243.9 22420 
0.000370 6.37 157.0 32890 
30 0.000400 1.36 735.3 0.00034 16670 
0.000885 2.27 440.5 22420 
0.000370 3.18 314.5 32890 


See Table 5 

© values: 

9,25mm,; 0 ,275mm, 
o,30mm 


10) 200 400 600 800 
+x103 — 
t 


Fie. 9 


33000 
29000 
25000 
21000 
=\s 
iO 
17000 
13000 
See Table 5 
6 values: 
a ®,25mm; 0,275mm; 
0,30 mm 
5000 


4. Kruyt’s and van Arkel’s Experiments on Counting of Particles during 
Coagulation* 
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a. Electrolyte: KCl. 


TABLE VI 


(See Figs. 11 and 12) 
| LTT [EE i 


Concn. of : Time of 1 
No. of particl iat é 
Moule | ett=o. | cosqulation! X10 | Guatay | Toe | cadtay | een 
20 | 33.5 x 10°| 2777 36.01 | 10 | 1000 | 43.48 | 23.91 
- 40 «| 33.5 10°| 417 60.02 333 
| 50 «| 33.5xX10| 55.5 | 239.8 250 


* Data falling in the region of slow coagulation only, as stated by Kruyt and Van Arkel, have been recorded. 


See Table 6 


°5 400 800 1200 1600 


+ x 105 
Fie. 11 
i000 
{ 800 
T 
ce) 
* 600 
8 
400 See Table 6 
aD 1200. ge00 2000 2400 2800 
Fig. 12 


b. Electrolyte: BaCh. 
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TABLE VII 
(See Figs. 13 and 14) 


1 


Concn. of icl Time of 1 A = an s | 
electrolyte No Paro. | coagulation, | X10 | Gmigny | Coe | cmlf/t.) | Chow) 
2 Soe O elim Dono 18.00 1.3 500.00 | 4.167 4,445 | 
3 33.0 X 10’ 7.222 138.5 83.33 
4 33.0 X 107 1.944 514.4 45.45 
500 
400 
4 
| | 300 
iS) 
3 x 
IB 200 
oO 
e socal able 14 See Table 7 
100 
(0) 
Ti Re ga ie eas 0 lO” 205 ise) 50 60 
t — 
Fie. 13 Fig. 14 


III. Discussion 


Interpretation of the Constants 


When C is plotted versus 1/t, the curve cuts the C-axis and the inter- 
cept at 1/t = 0 is given by a, i.e., a is the value for t ~ ». This means 
that the stability of the sol remains unaffected up to a concentration given 
by a, and a has been designated as the ‘“‘critical stability concentration” 
of the electrolyte for the sol. When 1/¢ is very large compared to n, i.e., 
when ¢ is very small, as happens in the region of rapid coagulation, n in 
the new equation can be neglected so that C = a + morC —a=m, 
or more strictly C — a — m in the rapid coagulation zone. Therefore m 
represents the concentration of the electrolyte above the critical value, a, 
which will produce instantaneous coagulation. On the other hand, if n 
happens to be very large as compared to 1/t, 1/t can be neglected in the 


denominator and the equation reduces to C = a + = (1/t). This is a linear 


equation which was in agreement with the straight curve obtained for a 
few cases only. 
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In order to interpret nm let us consider an alternative form of the equa- 
tion, C — a = m/(nt + 1). Working out the dimensions of the equation 
we find that n¢ + 1 should be dimensionless, and this can be possible only 
when 7 has the dimension, time. Hence n can be put 1 /t or k/t. Substitut- 
ing n = 1/t in the equation we get C — a = m/2. Ifn = k/tis substituted, 
C—a=m/(k + 1). This means that n is a characteristic constant for the 
sol and shows that the sol will be coagulated in a time interval ¢ given by 
(1/k + 1) times the m (the quantity for instantaneous coagulation). 
Hence we connect with the sensitiveness or susceptibility of the sol to 
the electrolyte and n becomes equal to k when t = 1. But the susceptibility 
of the sol particles may depend on a large number of factors, such as size 
and shape of the particles, charge and zeta potential, thickness and inter- 
action of the double layers, adsorption, ion exchange, and changes in the 
dielectric constant. 
| It is interesting to observe in the tables that the order of decrease in the 
values of n, at different stages of coagulation, directly indicates the greater 
and greater degree of aggregation of the coagulating particles. In viscosity 
determinations, n decreases with an increase in the time of efflux, ¢. Simi- 
larly n decreases as the extinction percentage increases and with a decrease 
in the intensity of light transmission, measured by the deflection, 6, in 
the galvanometer. From the variations in the values of n at different stages 
of coagulation it becomes evident that depends upon all the factors 
which determine the stability of the sol, and hence it can assume a definite 
value with different concentrations of the electrolyte at a particular stage 
of coagulation or degree of aggregation of the colloidal particles. When the 
same stage of coagulation is reached, where the net effect of the physical 
factors determining the stability of the sol may be visualized to remain the 
same, on adding different concentrations of the electrolyte, m will have a 
constant value corresponding to the same degree of aggregation. This 
has been actually observed (see curves, 1/(C — a) against 2). 
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ABSTRACT 


- Monodisperse polystyrene latexes are useful in electron microscope investigations 
f the mechanism of emulsion polymerization: (1) as calibration standards in particle 
iameter determinations, (2) in determining the relative rates of growth of different 
ize particles, and (3) in illustrating the effect of varied emulsifier concentrations 
1 seeded emulsion polymerizations. 
_ Previously measured monodisperse latexes, dispersed on a substrate along with 
he particles to be measured, were used as calibration standards. The accuracy, re- 
roducibility, and limitations of this method of measurement are discussed. 

The relative rates of growth of different size particles in a seeded emulsion poly- 
lerization were determined by polymerizing monomer in a seed latex comprised of 
mixture of two monodisperse latexes. The total particle volume increase was in 
‘oichiometric agreement with the volume of added monomer. A mathematically 
erived relationship of relative particle growth is presented. The effect of varied 
mulsifier concentrations is shown; too high concentrations yield “new’’ particles, 
90 low concentrations result in excessive coagulum. 


INTRODUCTION 


Monodisperse polystyrene latexes have enjoyed wide acceptance in the 
eld of electron microscopy (1). Samples of the original 580G Lot 3584 
tex were distributed to many laboratories, and a compilation of particle 
lameter determinations showed agreement among several methods of 
leasurement (2). Later a series of monodisperse polystyrene latexes were 
repared for wide distribution to other laboratories (3). The particle diam- 
ers of this series, ranging from 880 to 11,720 A., were determined by a 
O diffraction grating replica technique. 

These monodisperse polystyrene latexes are of great value in investiga- 
ons elucidating the mechanism of emulsion polymerization. If the par- 
cle diameter of a monodisperse latex is known with accuracy, the colloidal 
‘stem it comprises may be characterized as to the number of particles, 


1 Presented, in part, at the thirteenth annual meeting of the Electron Microscope 
ziety of America, Pennsylvania State University, October 27-29, 1955. 
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surface area of particles, etc. In addition, if these accurately measure 
particles can be used as a calibration standard in the measurement 0 ( 
particles of other sizes, the time-consuming SiO diffraction grating replic i 
technique can be circumvented. The purpose of this investigation was t 
determine the utility of these uniform particles as calibration stananen 
and to illustrate how they may be used to elucidate the mechanism ojf 
emulsion polymerization. 


| 
iy 
1) 
| 
Ni 
i! 


MoNODISPERSE POLYSTYRENE LATEXES AS CALIBRATION 
STANDARDS 


The use of polystyrene particles from the latex, 580G Lot 3584, as cali 
bration standards has been investigated by many electron microscopists ; 
The compilation of particle diameter determinations by Gerould (2 i] 
indicated most investigators found a value of about 2590 A.; a few found! 
higher values, however. Scott (4) encountered discrepancies reminiscent 
of instrumental fluctuations and irradiation effects. Kern and Kern (5) 
found that the particle diameter increased when the particles were shad- 
owed obliquely. Ellis (6) found, as did Scott, that the second drop of diluted 
latex on a specimen increased the diameter of the original particles. He} 
attributed this to the deposition of soluble materials on the latex particles 
Watson and Grube (7) found anomalies at high electron intensities and} 
recommended using a specimen composed of uniform particles depositedh 
on a grating replica as a calibration standard. | 

Recently it was shown that accurate, reproducible particle diameter} 
determinations may be carried out using a SiO diffraction grating replica-| 
stainless steel grid technique (3). The polystyrene latex particles are dis- 
persed directly on a SiO replica of a 30,000 line/inch diffraction grating. | 
The replica is supported by a stainless steel grid; grids of metals such as 
copper and phosphor-bronze result in particle growth under electron ir- 
radiation. Only one photographic exposure is made in a grid opening to 
decrease the possibility of particle growth due to irradiation. Thus each 
exposure is calibrated internally as regards magnification; this compen- 
sates for any fluctuation in magnification from exposure to exposure. This 
technique in general yields accurate, reproducible particle diameter meas- | 
urements; however, the preparation of a separate diffraction grating replica 
for each latex sample is tedious, time-consuming, and expensive where 
large numbers of samples are to be measured. If carefully measured poly- 
styrene particles could be used as calibration standards the saving would 
be considerable. 

In order to determine the utility of these latexes as calibration stand- 
ards, the following experiments were carried out. Two monodisperse poly- 
styrene latexes from our standard series, Runs No. LS-057-A (hereafter 
designated as 57) and LS-063-A (hereafter designated as 63), were used. 


MECHANISM OF EMULSION POLYMERIZATION 37 


E © ee 
i 


‘1G. 1. Typical electron micrograph of a dispersion of two monodisperse latexes. 


Che particle diameters of these latexes had been determined as 2640 A. 
nnd 5570 A., respectively, using the SiO diffraction grating replica-stain- 
ess steel grid technique (3). In the first experiment the two latexes were 
nixed. A drop of the diluted latex mixture was dried on a collodion mem- 
rane supported by a 200 count copper lektromesh grid. Since it had been 
reviously shown (3) that no particle growth trend was observed using 
opper grids 7f the intensity of the electron beam was kept low and each 
xposure was made in a different grid opening, copper grids were used in 
hese experiments to eliminate the possibility of magnetic effects. A series 
f exposures was made in the EMB electron microscope. A different grid 
pening was used for each exposure. A typical electron micrograph is 
hown in Fig. 1. The disparity in particle diameters enables one easily to 
istinguish between the two distributions. The larger particles (63) were 
ieasured using a 6.5 power measuring magnifier and the magnification of 
ach exposure was calculated from these measurements. This magnifica- 
ion was then used to calculate the particle diameter of 57. The data are 
nown in Table I. 

The average particle diameters of 57 agree very well with the 2640 A. 
alue determined previously. 
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TABLE I 


(Latexes Mixed before Drying) 


: tht j icl Avg. particle |) 
Baposure number NE SLPSP}® Average magnification Tyessured GI) diameter), ds | 
10067 A 5 7640 X 20 2660 | ‘ 
C 5 7660 X 21 2660 } 
D 6 7590 X 21 2650 a 
10077 A 9 7650 X 25 2690 i 
C 8 7600 X 25 2660 


TABLE II 


Particle Diameter of Latex 57 Determined Using Latex 63 as a Calibration Standaraj 
(Latex 63 Deposited First, Then Latex 57) 


Exposure number No Of PaFtCeS Average magnification NouuPai (Sry diameter G1), A. 
10068 A 7 7610 X 22 2660 
B 9 7630 X 16 2660 
C 4 7630 X 1 2680 
D 8 7590 X 17 2660 
E 8 7600 X 22 2680 


In order to determine the effect of successively drying the particles on ak 
membrane, a drop of diluted 63 latex was dried first, then a drop of diluted 
57 was dried on the same specimen grid. Again the larger particles were 
measured and the magnification calculated. This magnification was used 
to calculate the diameter of the smaller particles. The data are shown in 
Table II. 

Again the average particle diameters of 57 agree very well with the 2640 
A. value determined previously. 

In order to determine the effect of the reverse order of particle addition 
the following experiment was carried out. A drop of diluted 57 latex was 
dried on a collodion membrane. Then a drop of diluted 63 latex was dried| 
onto the same membrane. Again the larger particles were measured and the} 
the magnification of the exposure calculated. This magnification was used 
to calculate the diameter of the smaller particles. The data are shown in} 
Table III. 

Again these average particle diameters agree very well with the value} 
obtained previously. 

The over-all average diameter of 57 determined using 63 as a calibration | 
standard (three different methods of sample preparation) was 2664 A. and| 
the standard deviation, «, was 42 A. This differs by 24 A. from the “true”| 
value (D = 2640 A., c = 60 A.)—ie., that obtained using the SiO diffrac- 
tion grating replica-stainless steel grid technique. The statistical f-test 
shows that this difference may or may not be indicative of analytical bias 


) 
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and invites further experimentation (now in progress). On the other hand 
when the ¢-test is applied to the individual averages (mixtures of latexes: 
D = 2661 A.,o = 45 A.: ; 63 dried first, then 57: D = 2666 A., o = 40 A.; 
37 dried fre then 63: Dae 2667 A., o = 40 A.), the pilediaied t- le 
‘all far below the critical ¢-value at ie 1 per cent probability level. Thus 
she three different procedures of sample preparation yield essentially the 
same result although this result may be expected to be 18-33 A. (95 per 
sent confidence limits) higher than the “true” value. However, since the 
lifferences expected are only about 1 per cent of the “true” particle diam- 
ster, the errors incurred are probably not serious. It is interesting to note 
shat this difference is of the same order of magnitude as the limit of accu- 
racy of the particle measurements (the particle diameter measurements 
vere estimated to the nearest 0.02 mm. using a 6.5 power measuring mag- 
ufier; this value, 0.02 mm., is equivalent to 26 A. at 7600 magnification). 
from these data it appears that, if care is used, these particles can be 
»mployed as calibration standards with an accuracy of about 1 per cent. 

| Since the effect of electron irradiation on latex spheres has been dis- 
sussed extensively in the literature (2, 3, 6, 7), polystyrene particles of 
lifferent sizes were studied under identical conditions of irradiation. 
Samples of the same two latexes were diluted and mixed before a drop was 


TABLE III 


article Diameter of Latex 57 Determined Using Latex 63 as a Calibration Standard 
(Latex 57 Deposited First, Then Latex 63) 
| 


Exposure number oe ie Average magnification ay ena, 
10069 B - 5 7670 X 12 2710 
C 6 7680 X 18 2690 
D 6 7640 X 14 2670 
10458 A 7 7540 X 1 2650 
| B 4 7560 X 12 2650 
C 5 7560 X 7 2650 
D 6 7540 X 9 2650 


TABLE IV 


Iffect of Five Minutes Irradiation on Polystyrene Latex Particles of Two Different 
Sizes in the Same Field 


Average Average 
No. of particle Per cent No. of particle Per cent 
Exposure number particles diameter increase particles diameter increase 
(63), mm. (57), mm. 
10077 
A (before) 9 4.26 4.5 25 2.06 12.6 
B (after) 9 4.45 25 2.32 
C (before) 8 4,23 ies 25 2.02 ae 
D (after) 8 4.42 25 2.29 


a 
Fig. b 


Fia. 2. Monodisperse polystrene latexes of different sizes (a) before and (6) after 
5 min. irradiation in the electron microscope. 


140 


MECHANISM OF EMULSION POLYMERIZATION 141 


‘ied onto a collodion membrane supported by a copper grid. The speci- 
en was inserted into the electron microscope and an exposure was made 
a typical area containing particles of both distributions. After 5 min. 
intense irradiation under the electron beam a second exposure of the 
me particles was made. The data are summarized in Table IV. 

The original diameter of the larger particles was approximately twice 
iat of the smaller particles. However, it is interesting to note that the 
sr cent increase of the smaller particles is about three times that of the 
rger ones. In order to determine the actual amount of growth, the mag- 
fication of each pair of exposures (before and after) was calculated using 
e larger particles before irradiation as a calibration standard. The average 
article diameter of 63 increased 250 A. and 240 A., whereas the average 
article diameter of 57 increased 340 A. and 360 A., respectively. Therefore 
can be concluded that the diameter of the smaller particles increases 
; a considerably greater rate than the diameter of the larger ones. This 
zaenomenon will be the subject of a future investigation. A typical electron 
icrograph of the particles before and after irradiation is shown in Fig. 2. 


KINETICS OF COMPETITIVE GROWTH 


Various aspects of the preparation of monodisperse colloids hav beeen 
scussed in the literature (8) and have been utilized by LaMer (9) in the 
‘eparation of monodisperse sulfur sols. Whether the process involved is a 
ecipitation, a crystallization, or a polymerization, the essential condition 
ems to be the supplying of a fixed number of nuclei which subsequently 
‘ow to much larger size with no nucleation occurring during this growth 
riod. 

Let us consider a swollen latex particle in a typical seeded emulsion 
slymerization. Let V represent the volume of polymer in the given par- 
ele, and D the diameter of the sphere this amount of polymer would form. 
hus V and D are the volume and diameter of the wnswollen latex particle. 
>t us assume that the rate of polymerization of a given particle will de- 
nd upon the diameter, D, in the form of a power law: 


Uae [1] 
dt 
ere k may vary with the nature of the environment—..e., with catalyst 
ncentration, retarder concentration, temperature, etc. During the 
urse of a reaction, k may even vary with time. However, at any one 
stant in a particular emulsion polymerization it is assumed to be the 


me for particles of all sizes. Since V = ae we obtain: 
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(Db/Da) 
2.5 
2.0 
1.5 
1.0 ee 
1.0 2.0 3.0 4.0 5.0 


v 


Fia. 3. Theoretical variation of Dj/Da with y at integral values of n when a = 2.00. 


Inspection of Eq. [2] indicates that if n = 3, the relative rate of diameter | 

growth is independent of size. If n < 3, the smaller particles will grow faster | 

than the larger ones and tend to catch up with them. In this case the par- | 

ticle size distribution will be self-sharpening. If n > 3, the distribution will | 

broaden, relatively, during the growth reaction. 
The integration of Eq. [2] produces: 


D* — pi = end [ " h) dt 3) | 


Consider now two different groups of latex particles growing from seeds 


having the initial sizes, Da, and D,,, and growing to the final sizes, D, and 
Dy. 


= t | 
De” =D” =D =D t= ae | k(é) dt. [4] 
0 
Let us now define two ratios, a and y: 
2 DucUiploeay inc teas 
a= Ds an = Da, 
and solve Eq. [4] for the ratio of final diameters, D;/D.: 
D, i —n —7 Ty 
Pow Bate aft — 1pm, 5 
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‘This equation shows how the relative diameters of two different groups of 
latex particles vary with increasing conversion. This function is plotted 
against y in Fig. 3 for the case where a = 2 (i.e., some of the seed particles 
are twice the diameter of the others). Smith (10), in his treatment of emul- 
sion polymerization theory, has indicated that the rate of polymerization 
per particle is approximately the same for all growing latex particles. This 
would lead to a very rapid convergence of (D,/D,) toward unity, as shown 
by the curve n = 0 in Fig. 3. However, the most direct way to determine n 
is to seed an emulsion polymerization with particles of two different initial 


TABLE V 


Stoichiometry of Competitive Particle Growth in Emulsion Polymerization 
Measured vol. inc., 


| _Monomer__ Theoret. volume 
| Sample number Polymer 7K 2820s a AS, x ee Total inc., 4.3 X 107% 
1 
A-l i 0.020 0.245 1.61 1.86 1.91 
1 
A-2 i 0.20 0.251 1.66 1.91 1.91 
A-3 : 1.00 0.246 1.46 iLSeAk 1.91 
B= : 0.020 0.548 3.17 She 3.81 
| 
B-2 : 0.20 0.551 3.39) 3.90 3.81 
B-3 : 1.00 0.577 3.69 4.27 3.81 
= 0.020 1.58 7.96 9.54 9.52 
C-1 i 
C-2 : 0.20 1.60 8.06 9.66 9.52 
5 
G3 1 1.00 2.90 10.7 13.6 9.52 
a 3.93 V7.2 211 19.1 
D-1 i 0.020 * . : : 
aM 3.88 15.9 19.8 19.1 
D-2 T 0.20 : : . 
iv 8.06 19.4 27.5 19.1 
1D:3 ii 1.00 : : . 
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sizes, allow them to compete with each other for monomer in the sam@j 
system, and measure their sizes after the polymerization reaction. 


EXPERIMENTAL RESULTS ON COMPETITIVE GrowTH OF LATEX 
PARTICLES 


The same two monodisperse polystyrene latexes, 57 (2640 A.) and 64) 
(5570 A.), were mixed together in approximately equal particle concen} 
trations. Styrene monomer was added to the seed charges and the samples; 
were polymerized to completion at 70°C. Various potassium persulfa H) 
catalyst concentrations (0.02, 0.20, and 1.00%—based on the aqueous) 
phase) were used. The particle diameters after polymerization were de 
termined using 57 as a calibration standard. No “new” particles werd 
formed. The total measured volume increase of the particles agreed stoichio+ 


metrically with the volume increase expected if all the added monome i 


polymerized completely. This is shown in Table V. The stoichiometriq} 
agreement is best at the lower catalyst concentrations. | 

The experimentally determined values of (D;/D.) are plotted against 
y in Fig. 4. In this case n seems to be about 2.5. This is much greater thanij 
the value n = 0 predicted by Smith (10). However, the latexes used b " 
Smith were considerably smaller in diameter and probably were not asil 
uniform as those employed here. Some deviation from n = ~2.5 is indi | 
cated for high monomer/polymer ratios at a catalyst concentration off} 


Dp/Da 


2.6 
o—0,02% KyS00g 
*— 1.00% KzS,0, 


1.0 2.0 3.0 4.0 5.0 


Fia. 4. Experimental variation of D;/D, with y when a = 2.11. 
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Fie. 5. Typical electron micrograph from which competitive 
growth measurements were made. 


00%. More extensive experiments, now in progress, will elucidate com- 
stitive particle growth for particles of various sizes under widely varying 
‘perimental conditions. A typical electron micrograph from which these 
easurements were made is shown in Fig. 5. The two final particle size 
stributions are easily distinguishable from one another and from the 
libration particles. 


EFFECT oF Soar CONCENTRATION ON SEEDED EMULSION 
POLYMERIZATION 


In order to utilize the self-sharpening tendency of growing latex par- 
le distributions, and to achieve a more uniform final product, two fur- 
er conditions must be met: (1) no “new” seed particles can be permitted 
form during the reaction, and (2) the agglomeration of latex particles 
ust be prevented. This can be accomplished by controlling the soap 
ncentration. If the soap concentration is too low, the latex will be un- 
ible and aggregation will occur; if the soap concentration is too high, 
ew” particles will form. 

A series of polymerizations using 57 as a seed latex illustrates these prin- 
les. In each polymerization the amount of soap (based on added mono- 
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TABLE VI 
Effect of Soap Concentration in Seeded Emulsion Polymerization 
SampleJnumber erect) Qe ones “New” particle initiation 
1 0.00 Cas None 
2 0.20 3.7 None 
3 0.95 0.07 None 
4 1.70 None None 
5 2.45 None None 
6 Snon None ~0.2 X 1018/cc. 
7 4.70 None 13 X 1013/ce. 
8 5.57 None 41 X 10'3/ce. 


Fie. 6. Typical electron micrograph illustrating the effect of 0.00-2.45% soap added! 
in a seeded emulsion polymerization. 


mer) was increased. This experiment is similar to one previously carried 
out with a polyvinyltoluene latex by Vitkuske et al. (11). Table VI shows 
the results of these experiments. 

At the lower soap concentrations coagulum was formed, whereas at 
higher concentrations a new crop of small particles was initiated. However, 
there is a broad range of soap concentrations between the disappearance 
of coagulum and the initiation of “new” particles. Figures 6, 7, 8, and 9 are 
electron micrographs of the final latexes. Figure 6 is typical of Samples 
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the effect of 3.57% soap 


lymer 


added in a seeded emulsion po 


Fig. 7. Electron micrograph illustrating 


soap 


70% 


ion. 


the effect of 4 
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added in a seeded emulsion po 


Fia. 8. Electron micrograp 
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Fr. 9. Electron micrograph illustrating the effect of 5.57% soap 
added in a seeded emulsion polymerization. 


1-5, where there were no “new” particles initiated. In Fig. 7 (Sample 6) a 
few “new” particles are evident. Figure 8 (Sample 7) shows more “new” 
particles, and a still greater number is seen in Fig. 9 (Sample 8). As the soap 
concentration increases, the “new” particles become smaller and more 
numerous while the final particle diameter of the original seed particles: 
decreases. The numbers of “new” particles in Samples 6-8 were calculated 
from the difference between the experimentally determined total volume 
increase and the volume increase expeeted if all the monomer polymerized 
completely. These values are shown in Table VI. The concentration of 
particles in the original seed latex (57) was 2.2 X 10%/cc. These experi- 


ments illustrate the importance of soap concentration in seeded emulsion 
polymerizations. 
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ABSTRACT 


The effects of (1) hydrogen ion, and formaldehyde, (2) chloride ion, and detergents, 
have been investigated on the rhythmicity of silver chromate precipitated in gelatine 
gels and compared with their action on the corresponding aqueous suspensions. 

The results throw light on the structure of the set gel, and its influence on the 
precipitation of the above salt. 


INTRODUCTION 


In a previous work (1), we have demonstrated the parallelism between 
the adsorption factor, A, in the rhythmic precipitation of metal salts in 
gelatine gels, and the stability of the corresponding sol in the aqueous 
suspension. Further experiments have indicated that adsorption and sol 
peptization in the set gel may also be affected by the actual structure of 
the gel. 

Whereas the stability of sols in the aqueous suspension increases con- 
tinuously with the gelatine concentration, the rhythmicity of silver chro- 
mate precipitated in the corresponding set gel remains constant after a 
limiting value of 2%-3%. Low concentrations of hydrogen ion and alde- 
hydes, on the other hand, show far greater effects on the spacing in the set 
gels than corresponds to the increase in stability of the aqueous sol; whereas 
traces of electrolytes and detergents, which have a marked flocculating 
effect on this system, show no such effect on the corresponding aqueous 
suspension. 

The results indicate that at gelatine concentrations above 3%, the 
structure of the set gel becomes more and more interlinked, and no further 
free carboxyl or amino groups are available for protection of the silver © 
chromate sol. Chloride ion and anionic detergents discharge NH;* groups 
along the polypeptide chain, and this leads to marked reduction in pro- 
tecting power; while addition of hydrogen ions and formaldehyde leads to 


increasing availability of free carboxyl groups and increases the spacing 
coefficient. 


* Present address: Glaxo Laboratories Ltd., Greenford, Middlesex, England. 
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In the aqueous suspensions, this interlinking of polypeptide chains 
occurs to far less a degree, and the effect of the above reagents is corre- 
spondingly less marked. 
The flocculent-silver ion ratio at which maximum flocculation occurs is 
a measure of the amount of free carboxyl or amino group adsorbed onto 
the sol surface. The stability of silver chromate sols in gelatine is shown to 
fall very rapidly with increase in concentration of the reacting ions, while 
the adsorbed protecting agent is more readily discharged from the con- 
—centrated sols. 


EXPERIMENTAL 
1. Aqueous Suspensions 


_ The flocculation and peptization of silver chromate sols by formaldehyde, 

chloride ion, and long-chain anionic detergents has been investigated. | 
Experimental Technique. As in previous paper (1). 

Materials. 

Gelatine. As supplied by the British Gelatine Works; all electrolyte and 

free amino acids removed by treatment with ion-exchange resins. 

Alcohols, Amines, etc. Twice redistilled under vacuum. 

Sodium Dodecyl Sulfate (S.D.D.S) Prepared synthetically by inter- 
action of pure lauryl alcohol with chlorosulfonic acid in chloroform. The 
crude sulfate is dried, washed with acetone, and recrystallized from aqueous 
alcohol. 


TABLE I 
Peptization Ratios of Amino Acids for Silver Chromate Sols 
Addition of formaldehyde 
A. Glycine (pH 4) 


Glycine 1 Glycine/1 HCHO 1 Glycine/10 HCHO 
0.0005 M sol 40 12 10 
0.001 M sol 200 25 12.5 
0.0025 M sol > 500 50 16 


B. Glutamic Acid (pH 4) 


G.A. 1G.A./1 HCHO 1 G.A./10 HCHO 
0.0005 M sol 0.7 0.6 0.6 
0.001 M sol 1.5 1) 1.5 
0.0025 M sol 2.0 2.0 2.0 
0.005 M sol >10.0 5.5 4.0 


(6% suspension) 
C. Gelatine (pH 65) 
No addition 0.1 4 HCHO M HCHO 


0.001 M sol 1.13 1.09 0.63 
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Cetyl Trimethyl Ammonium Acetate (C.E.T.A.A.) B.D.H. “CETAB” is}} 
treated with its equivalent of alcoholic caustic potash. The crude hydroxide | 
solution is filtered, neutralized with 5 N acetic acid; and after removal of | 
the bulk of the alcohol by distillation, the acetate is recrystallized twice | 
from acetone. 

a. Flocculation by Traces of Anion. Whereas traces of Cl’ ion discharge | 
the Ag’ stabilized silver chromate sols (1) and increase the rate of coagula- | 
tion, the gelatine protected sols have been found to be completed unaffected | 
up to Cov = 0.05 N. 

b. The Effect of Aldehydes on the Peptizing Power of Amino Acids. We | 
have shown in a previous work (1) that the peptizing power of amino acids | 
and gelatine for silver salts is very much dependent on the hydrogen ion | 
concentration. Fall in pH < 5 leads to increasing availability of free | 
carboxyl groups, with decrease in the peptization ratio. 

Similar results have been obtained by addition of aldehydes to these 
protecting agents. Some typical results are presented in Table I. 

It is seen that formaldehyde interacts with the amino acids at their 
isoelectric point, to liberate free carboxyl groups, with a corresponding 
rise in protecting power. (No appreciable change in pH occurs.) 

High concentrations (0.2 M—M) of formaldehyde, however, are generally | 
required to cause an appreciable effect. 


2. Gel Systems 


Experimental Technique. As in previous work (2). 

a. Variation in Concentration of the Gel Medium. The effect of variation | 
in concentration (C¢) of the gel medium on the rhythmicity has been 
followed for silver chromate precipitated in gelatine gels. (Refer to Table 
115) 

Increase in Cg > 3% leads to no corresponding increase in the spacing. 

(The rate of crystal growth, however, may further decrease with rise in 
Cg. At Ca > 5%, silver chromate is precipitated in indistinct planes of 
barely visible crystals.) | 

b. The Addition of Electrolytes (and Detergents). The effects of these 


TABLE II | 
Rhythmic Precipitation of Silver Chromate in Coignet Gelatine Gels 
A values 
Ce 0.005 M 0.01 M 
27% 0.005 0.005 
3? 0.014 0.010 
4 0.021 0.014 
5 0.021 0.014 
6 0.021 0.014 


°The rigidity of these gels is enhanced by addition of 0.5% agar. 
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Cp/Cs-log 
0.01 0.02 0.05 O10 0.20 


M/400 - SDDS (pH 4.5) 


0.010 

S 

a “4/400 -Chloride ion (pH 4.5) 

q : 
| 0.020 

oM/200-CETAA (pH9) 

: 0.040 é 
| 


_ Fie. 1. Flocculation of silver chromate, precipitated (by excess anion), in 5% 
| . . - . . - . . - . 
gelatine gel. Variation in spacing with flocculant-silver ion concentration ratio. 


| 


TABLE III ‘ 
| Flocculation of Silver Chromate in 5% Gelatine Gels (pH 4.5) by Chloride Ion 
: A [Ccv/©s |max S 
: 0.00125 M sol >0.500 >1.000 <0.01 
0.0025 M sol 0.160 0.100 0.05 
0.005 M sol 0.048 0.030 0.16 
0.01 M sol 0.005 0.002 >0.30 


reagents are best studied by diffusing excess CrO,” ion (normal solution) 
into the gel containing silver nitrate, together with varying amounts of 
the reagent under investigation. (If the cation is diffused into the gel, 
excess Ag™ ion would interact with certain of these materials (cf. ref. 2).) 
(1) Chloride ion (pH < 5). Whereas chloride ion has no effect on the 
aqueous gelatine peptized suspension of silver chromate, a marked floccula- 
tion is observed in the set gel, at very low Cl’ /Ag* concentration ratios. 
At high initial CrO,’’ concentration (>0.5 N), the variation in B—in 
the relation (k — 1) = A + B/Cy,—may be neglected, and AA = Ak. 
The decrease in A is connected to Cov /C; according to a Freundlich 


type of relation 
—ad = «| S| (1 


where a and n are constants, and C, is the sol concentration. a is the value 
of AA at Cov /C, = 1. This relationship is demonstrated in Fig. 1. 

Beyond some minimum spacing, a repeptization is observed. 

The values of Cor /C, corresponding to the minimum value of A are 
shown in Table III, together with the values of a and Ay (the A value 
‘btained in the absence of flocculating agent). 
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The stability of the sols—as measured by the Co1/C, value for maximum) 
fAlocculation—decreases rapidly with rise in sol concentration. The value of 
increases at the same time, demonstrating that the adsorbed gelatine ish 
more readily discharged from the more concentrated sol. | 

Previous work (2) on the variation of Ao with hydrogen ion concentra-} 
tion has indicated that this constant is determined by the adsorption of/ 
carboxyl groups onto the sol. There is, indeed, a direct correlation between} 
Ay and [Coi/C.] which is also a measure of the adsorbed carboxyl groups. \ 

(2) Long-chain anions. pH < 4. In acid gelatine, detergents such as} 
S.D.D.8. and sodium oleate behave in a similar manner to the chloride} 
ion. (Refer to Table IV.) | 

The flocculation effect is less marked owing to the uptake of detergent 
by the gelatine (8). 

pH > 7. In alkaline gelatine, 8.D.D.S. peptizes silver chromate systems. | 

(3) Long-chain cations. pH > 7. In alkaline gelatine traces of cationic i 
detergents also flocculate the silver chromate system. The fall in A is} 
again given by Eq. [1]. (Fig. 1.) 

Repeptization occurs at higher C;/C; ratios. 

The C;/C, ratios for maximum flocculation are presented in Table V, | 
together with the values of a and Ao. | 

As with chloride and long-chain anion, the flocculation effect increases |} 
with rise in C, . 

Ao is seen to depend on the adsorption of free amino groups. 

pH < 5. In acid gelatine, C.E.T.A.A. peptizes silver chromate. 

c. The Addition of Aldehydes. The effect of addition of aldehydes has | 
been investigated on the 0.005 M silver chromate system precipitated in ! 
5% Coignet gelatine gels. | 


TABLE IV 
Flocculation of Silver Chromate in 5% Gelatine Gels (pH 4.5) by Sodium Dodecyl 
Sulfate 
it Cr IC, as a7 
0.0025 M sol 0.02 0.040 
0.005 M sol 0.30 0.030 | 
0.01 M sol 1.20 0.025 | 
2CFr = concentration of flocculant. | 
TABLE V 


Flocculation of Silver Chromate in 5% Gelatine Gels (pH 9.0) by Cetyl Trimethyl 
Ammonium Acetate 


Ao [“p/Cs |max hae 
0.0025 M sol >0.300 >0.250 <0.01 
0.005 M sol 0.150 0.080 0.14 


0.01 M sol 0.020 0.005 >0.50 
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7 C3H7 CHO 


Cz His CHO 


0.02 005 O10 020 O50 100 200 500 10.00 
Cp/Cs -log 


Fia. 2. Peptization of 0.0025 M silver chromate, precipitated in 5% gelatine gel. 
Variation in spacing with aldehyde-silver ion concentration ratio. 


‘Formaldehyde gives a marked increase in spacing at low HCHO/Ag* 
ratios, whereas the higher aldehydes are less effective. (Refer to Fig. 2.) 

- It is seen that complete peptization is reached at very much lower 
HCHO concentrations than has been found with the aqueous 5% gelatine 
suspensions. 


DISCUSSION 


In the previous work (2) we have noted the parallelism between the 
adsorption factor A, in the spacing relation for rhythmic precipitation (of 
insoluble metal salts in gelatine gels), and the stability of the corresponding 
sol in aqueous suspension. The experimental data of this work demonstrate 
that the adsorption and sol protection in the set gel may also be appreciably 
affected by the actual structure of the gel. 

Marked flocculation effects have been observed on addition of very low 
concentrations of certain electrolytes to silver chromate systems in gelatine 
gels. These cannot be due to an interaction with the reacting ions, since 
withdrawal of about 1%-2% of silver or chromate ion by adsorption or 
complexing would lead at most to a slightly enhanced stability of the 
“supersaturated” system, and an increase in the spacing coefficients (2). 

On the other hand, dilute electrolyte solutions may cause appreciable 
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modifications of the physicochemical properties of protein suspensions and 
gels (4, 5); while reagents ‘such as formaldehyde which react with thé 
e-amino groupings of the lysine residues in gelatine also cause marke 
changes in structure (6). The internal structure of a gelatine gel—which is: 
mainly determined by the interlinking of adjacent carboxyl and aming 
groups—will be especially sensitive to slight variations in electrica | 
properties in the region of the isoelectric point (4, 7) and at gelatine concen: | 
trations above 3%, where very few such free amino or carboxyl groups 
may be available for protection of metal salt sols. (Refer to Table II.) li 

It thus appears that the flocculation and peptization effects observed 
are caused by such modifications in the physicochemical make up of the 
gel medium; and the following mechanism is proposed. (The flocculating 
action of traces of chloride ion has indeed been discussed in an earlie V 


work (2).) 


1. Flocculation by Electrolytes, etc. 


The flocculating action of traces of chloride ion has been discussed in at 
previous work (2). In acid gelatine, the negative ions discharge NH; 
groups along the polypeptide chain; the uncharged amino groups willl 
consequently associate with adjacent uncharged carboxyl groups, thereby 
reducing the number available for adsorption onto the silver chromate sol. 
Anionic detergents behave similarly, owing to the interaction between the} 
NH;* group and the RSO,’ or RCOO’ anion (3). Traces of cationic de-+ 
tergents, on the other hand, flocculate the silver chromate system i 
alkaline gelatine, by discharging COO’ groups, and consequent reductio 
in the number of free amino groups for adsorption onto the sol. 

The flocculant-sol concentration ratio at which the maximum flocculation 
is observed enables a rough estimate to be made of this adsorption. Although| 
a 5% suspension may in the fluid state contain about 0.0625 N free glu-} 
tamic acid, and 0.05 N free lysine residues (5), the limiting spacing reached| 
in the set gels suggests that the greater part of such groups are no longer 
available, as the gel structure is formed by interlinking of adjacent poly- 
peptide chains. It is seen in fact, that even with the 0.0025 M sol in acid 
gelatine where peptization is quite marked (A > 0.150), only about’ 
0.001 N free carboxyl groups are adsorbed onto the sol; whereas in alkaline 
gelatine, only about N/2500 free amino groups are adsorbed onto the 
0.005 M sol. With increase in particle size of the sol, the protection falls 
to a marked extent, since the ordered structure of the set gel will limit the 
adsorption onto the larger sol particles, formed at higher concentrations 
of the reacting ions. 


: 


2. Peptization by Hydrogen Ion: Formaldehyde 


Increase in spacing is observed when additional free carboxyl groups 
are made available for adsorption onto the silver chromate sol, as by the 
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addition of low concentrations of acetic acid (1) or of formaldehyde (4) 
to the gelatine suspensions. 

In the set 5% gels at the isoelectric point of gelatine (pH 5), marked 
septization (A > 0.200) of 0.0025 M silver chromate sols is obtained on 
addition of 0.002 N formaldehyde, or about 0.002 N acetic acid, and 
iberation of similar amounts of free carboxyl groups. In view of the 
various assumptions made, these results are in good agreement with those 
estimated from flocculation experiments. 

In the fluid suspensions (at pH < 5), the polypeptide chains are far 
more mobile, and the effect of traces of all the above reagents will be 
sorrespondingly far less marked. Very much higher concentrations of 
aydrogen ion and formaldehyde are required for complete peptization of 
the silver chromate sols; while chloride ion shows no corresponding floc- 
culating effect. 
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ABSTRACT 


= ————————— 
——————————————— 


The wetting behavior of plates of platinum, mica, and silica has been determin 
after their immersion in aqueous solutions of two anionic and two cationic detergent 
(sodium cetyl sulfate, potassium laurate, and cetyl trimethylammonium bromid 
dodecy] trimethylammonium bromide) over the range of concentrations M to 10% 
In general, a surface becomes hydrophobic to the solution at a low concentration bi 
is completely wetted by a more concentrated solution (ca. 10~* M) of the same com) 
pound. The anionic detergents, however, wet silica over the whole range of conce i 
trations. The concentrations which define the limits of the hydrophobic range ! 
solutions have been determined. These are interpreted in terms of adsorption of om 
or two monolayers of the long-chain ions at the liquid-solid interface. 


= 


i 


INTRODUCTION 


When a solid is immersed in a solution of a long-chain compound undd 
certain circumstances an oriented monolayer is adsorbed on its surfac 
Zisman has shown that this adsorbed monolayer lowers the surface energ 
of the solid and makes the surface hydrophobic or oleophobic. The effec 
has been observed with dilute solutions of many long-chain amphoter 
compounds in aqueous and nonaqueous liquids (1-3). However, the gen 
eral experience of washing procedures, and flotation studies (4), and th 
experiments of Kahan (5) show that more concentrated aqueous solutionl 
of detergents will usually wet solids. It appears, therefore, that there is a 
intermediate concentration at which the wetting properties of the solutio 
change. In the experiments to be described, the wetting behavior of som 
aqueous detergent solutions has been determined over a wide range of co 
centrations by observations of whether a clean specimen of platinum, mice 
or silica retains a liquid film or exhibits a hydrophobic surface when re 
moved from the solutions. It is confirmed that if a surface becomes hydro 
phobic in dilute solutions, it will, in general, be completely wetted by mor 
concentrated solutions. With increasing concentration there is thus : 
critical concentration where the surface first becomes hydrophobic, an 
another critical concentration of a larger value at which the surface is re 


4 
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stted by the solution. The two critical concentrations have been deter- 
ined for the three solids in solutions of both anionic and cationic com- 
unds of two different chain lengths. 


EXPERIMENTAL 


The wetting behavior of aqueous solutions of sodium cetyl sulfate (Na- 
5), cetyl trimethylammonium bromide (CTAB), dodecyltrimethylammo- 
um bromide (DTAB), and potassium laurate (KL) was examined on 
san platinum, mica, and silica over the concentration range M to 10-9 
. The solid specimens were made into the form of flat plates about 1 cm. 
0.5 cm. X 0.1 mm., with a hole near one edge through which a loop of 


Fic. 1. The dipping cell showing a specimen suspended above the solution. 


tinum wire was threaded. The surface of the platinum specimen was 
rolled, the mica was cleaved, and the silica had a smooth, fired surface. 
e platinum and the silica were chemically cleaned and flamed to red 
yt, and the mica cleaved on both sides immediately before being used. 
e specimens were hung on a hook at the end of a glass rod and suspended 
the dipping cell, above the liquid, to cool. The dipping cell, illustrated 
Fig. 1, contained about 20 ml. of the solution to be tested. When the 
an plate was cool it was lowered into the solution; it was withdrawn 
er 1 min. and examined for 15 sec. to determine its wetting behavior. 
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It was then replaced in the solution and examined again after 2, 3, 5, 10, 20 
30, and 60 min. All the tests were carried out at room temperature (21° 
4°C.). All solutions were made from high-purity, doubly distilled, wate) 
of specific conductivity < 10~ 1 em, and stored in stoppered Pyrey 
glass flasks. They were aged for at least 1 day before being used. Excepji 
for the KL solutions which were brought to pH 10 with KOH, all solution} 
were tested at their natural pH. The glass dipping cell was cleaned witli 
hot chromic acid, washed in tap water, then distilled water, and finalliy 
rinsed with conductivity water. The platinum and silica plates were cleane i 
before every experiment. The surface-active chemicals were high-purity 
laboratory-prepared samples. 


RESULTS 


The surfaces of the three solids are completely wet by all the solutions 
at very low concentrations (10-° M) so that when the specimen plate ij} 
removed from the solution it retains a visible, continuous, liquid film. I 
general, as the concentration is increased, a part of the surface, usuall} 
near the lower edge, becomes hydrophobic to the solution. This area inf 
creases with longer times of immersion. Solutions of greater concentration ) 
produce a larger hydrophobic area until at a particular concentration thj 
whole specimen becomes hydrophobic. In this state when the plate l 
removed from the solution it sheds any liquid and can be withdrawn comi 
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Fie. 2. The average wetting behavior as a function of concentration for variot 
times of immersion of specimens of (a) platinum in DTAB, and (b) mica in CTAB. 
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Fig. 3. The wetting behavior of platinum, mica, and silica when removed from 
stergent solutions after one hour’s immersion. The slanting boundaries have the 
me significance as in Figure 2. 


letely dry. This concentration, at which the change to nonwetting of the 
hole specimen occurs, we shall call the first critical concentration (C;). 
s the concentration is increased still further a second critical concentra- 
on (C2) is reached at which the surface is again completely wetted by the 
ution, so that when the specimen is withdrawn from the solution it 
tains a continuous liquid film on the surface. 

In these experiments no attempt has been made to correct the concen- 
ations of the dilute solutions for adsorption on the walls of the con- 
iiners, so that the values less than 10-* M are not quantitatively signifi- 
mnt, especially for the cationic compounds. When the concentration is 
‘eater than about 10-* M, there are more adsorbate molecules present 
the solution than is necessary to provide a close-packed monolayer on 
| the surface exposed to the solution in the dipping cell and the values 
come authentic. 

At concentrations near the critical values the proportion of surface 
etted depends upon the time of immersion of the plate. Two examples are 
ven in Fig. 2, where the proportion of area wetted is plotted against con- 
ntration for immersion times up to 1 hour, for (a) platinum in DTAB, 
id (b) mica in CTAB. Immersion times of more than 1 hour produce no 
rther change. The time effect is always more pronounced for the first 
an for the second critical concentration, the increase in hydrophobic 
ea taking place mainly in the first 10 min. Equilibrium at the second 
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critical concentration is attained, however, within about 5 min. The overalk 
effect of increasing the time of immersion is to broaden the range of concen 
trations within which a completely hydrophobic surface is obtained. 
The results for an immersion time of 1 hour in the two cationic and two 
anionic detergents are presented in Fig. 3. This shows that there is a re-| 
stricted range of concentrations over which the specimens may be removed} 
with a hydrophobic surface for all the specimen-detergent pairs except the 
silica-anionic combinations. The slanting lines indicate, as in Fig. 2, that} 
at concentrations less than the first critical concentration, and slightly less} 
than the second, only a part of the area retains a liquid film. 
The surfaces which were hydrophobic to the solutions were tested injj 
another cell containing pure water, and the wetting behavior determined. 
As can be seen in Fig. 3, specimens which were hydrophobic to solutions i 
were also hydrophobic to water except for surfaces produced on mica and} 
silica by the two anionic detergents. The other hydrophobic surfaces were! 
not wetted even after prolonged washing in water. | 


DIscUSSION 
The First Critical Concentration (Cy) 


The first critical concentration is the minimum concentration at which fi 
the adsorption is sufficient to lower the surface energy of the whole of the # 
solid area to such a value that a finite contact angle is observed. 

The presence of an oriented monolayer on some selected hydrophobic 
surfaces was confirmed by an examination of the specimens by electron } 
diffraction. The diffraction patterns exhibited the diffuse bands typical 
of monolayers of compounds of this type (6), but indicated that the mole- 
cules were not quite so well oriented as, for example, in monolayers of the 
fatty acids adsorbed from paraffin solutions (7). 

The very low values of C; (e.g., 10-7 M for silica in CTAB), whilst 
being only qualitative, indicate strong adsorption. The larger values such 
as ca. 10° M for platinum and mica in NaCS signify that the surfaces 
are incapable of removing all the long-chain material from solution as a 
hydrophobic monolayer. This corresponds to the results of Zisman (1), 
who found that platinum would not remove all the octadecyl alcohol 
molecules from a solution in a nonpolar solvent. 

The time dependence of the wetting behavior at concentrations near 
C; may be only partly a real effect. It is possible that extra molecules may — 
be collected from the liquid-air surface when the plate passes through the 
interface. However, usually the lower portion of the specimen becomes 
hydrophobic first, whereas the upper part is the first to pass through the 
pees in all withdrawals made for examination subsequent to the first 

ip. 

The differences in behavior of the three solids can be reasonably explained | 
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a consideration of the different processes by which the monolayer is 
dsorbed. For the particular solids chosen, the adsorption mechanisms 
aust be different. Platinum will physically adsorb surface-active ions by 
irtue of the free mobility of the electrons in the surface. Adsorption will 
ot depend upon the charge of the ion, and consequently a hydrophobic 
ayer will be formed in cationic and anionic detergent solutions. However, 
referential adsorption occurs on silica, where hydrolysis of the surface 
nd subsequent dissociation of surface hydroxyl groups leaves the surface 
legatively charged. The anionic reagents are not adsorbed to any extent, 
nd the surface is completely wet throughout the concentration range of 
VaCS and KL. CTAB and DTAB are strongly bound to this surface, prob- 
bly by an ion-exchange process (8). The cleavage face of mica contains in 
ddition to SiO, groups some K and Al ions which provide sites for the 
ossible adsorption of anions. Mica can thus become hydrophobic in NaCS 
nd KL, as well as in the cationic solutions, but a higher concentration of 
dsorbate is necessary in the case of the anionic reagents. The weak at- 
achment of the anionic monolayer to mica allows it to be desorbed by 
vashing to give a hydrophilic surface. This is the only example in this set 
f experiments of a surface which is hydrophobic to a solution but which 
ecomes hydrophilic to water when it is rinsed. 

The combinations of long-chain compounds and solids used in these ex- 
eriments thus provide a range of adsorption forces. The value of C; indi- 
ates the strength of this bond. It is to be expected that the value of C; 
ould depend upon the pH of the solution, but as yet no measurements 
ave been made at other pH values. 


The Second Critical Concentration (C2) 


With the single exception of mica in DTAB, surfaces which are hydro- 
hobic at intermediate concentrations can be wetted again at higher con- 
ntrations to give a sharp value for C2. For a given surface-active com- 
ound the value of C, differs only slightly for the three solids. 

Since C, is the concentration at which the liquid will just be retained as 
film on the surface, we have 

A Nu wu" 
Vit =a Y8SV ae VSL 
here yzy is the surface tension of the liquid, 
ysv 1s the surface tension of the solid + monolayer, 

id gz 18 the interfacial tension between solid + monolayer and the 

liquid, 

‘indicating that the values are at concentration C2. The equality is, of 
urse, justified only at the critical point of change from wetting to non- 
stting. Figure 4 shows how the two critical states of change of wetting 
Anavior can occur. The full curve represents the change in yzy with con- 
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Fig. 4. The variations of surface tensions with concentration (schematic only). 


centration, and the dotted curves two possible ways in which ysy — Yaz 
can change. At very low concentrations yzy is about 70 dyne cm.-, and 
ysv, being that of the clean solid surface, is much greater; wetting occurs 
and therefore yzy < Ysy — Ysz- Adsorption increases with concentration, 
vsy is reduced to such a value that the surface becomes hydrophobic, and 
SO Ytv > Ysv — Ys. The contact angle becomes greater than zero when 
the curve of yxy against concentration crosses that of ysy — ysz (Fig. 4). 
With increasing concentration yzy drops to about 30 dyne cm.— at the 
critical concentration for micelle formation (C.M.C.) and then remains 
constant. Wetting may occur in two ways, viz., 

A. If ysy — ysz reaches a constant value before yxy, the curves will 
cross again at a concentration less than the C.M.C. (curve A) to 
give rewetting. 

B. If, on the other hand, rewetting occurs at a concentration greater 
than the C.M.C., ysy — ysz must have increased, since yzy is 
constant. It is unlikely that ysy, being the surface tension of the 
solid covered with a fairly close-packed monolayer, can increase; 
the change must therefore occur in the interfacial tension ysz. 
Wetting by this mechanism is shown schematically by curve B, 
which must have a turning point. 

Further consideration shows that rewetting by the first method will be 
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restricted. If Young’s equation is applied to a drop of solution making a 
contact angle @ with the hydrophobic surface, then 


Yuiv COS 0 = gy — YsL- 


Wetting by the first process implies that there is no turning point in curve 
@, or that ysy — yaz is always greater than the minimum value of Yuv- 
[f the hydrophobic surface exhibits a large contact angle, then ysy — sz 
nust be quite small; if, for instance, 6 reaches 90°, ysvy — Ysx = 0 at that 
soncentration. Under such conditions the curve of ysy — Ysx against con- 
entration must have a turning point to allow rewetting. If this curve is to 
lave no turning point (mechanism A), Ysv — Ysx must always be greater 
han the minimum value of yzy, viz., about 30 dyne cm.—!. Since the maxi- 
num value of y,y is 72 dyne cm.-!, the maximum contact angle allowable 
or rewetting by mechanism A is given by 72 cos 06 = 30 or 6 = 65°. This 
S only an upper limit to the maximum contact angle, since it will occur at 
ome concentration where yzy is less than 72 dyne cm.—. If the hydropho- 
ic surface exhibits a maximum contact angle greater than 65°, then re- 
vetting by mechanism A is not possible. In general, paraffinic carbon 
;ompounds which have more than about ten carbon atoms in the chain, 
f adsorbed strongly, form close-packed monolayers which cause contact 
ngles to be greater than 65°. It seems unlikely, therefore, that mechanism 
1 will operate under the conditions of these experiments. 

As mentioned above, when mechanism A is inoperative, rewetting is 
aused by lowering of the interfacial tension. It seems reasonable to assume 
hat this occurs as a result of additional adsorption of the long-chain 
1aterial within the aqueous phase at the liquid-solid interface. One would 
xpect a reduction in interfacial energy for such a system if the adsorbed 
1olecules were packed with the terminal CH; groups pointing out of the 
olution towards the corresponding groups of the monolayer on the solid. 
uch a system is equivalent to a lamellar micelle in solution. At the C.M.C. 
lamellar micelle could easily form, and in fact rewetting occurs frequently 
t concentrations close to the C.M.C. (Fig. 3). Double-layer adsorption 
f this type has been postulated previously (9, 10) and has been observed 
y adsorption measurements of sodium dodecyl sulfate on barium sulfate 
1). The present experiments indicate that the effect is quite general. 
he failure of solutions of DTAB up to a concentration of M to wet mica 

a peculiar exception. There are several possible explanations but the 
1oice of the correct one requires further experiments. 

The results are directly applicable to washing and rinsing procedures. 
the appropriate solution is used, an article may be removed from a rins- 
g bath in a hydrophobic state and any excess solution on the surface will 
main as small relatively thick drops. If the drops are removed by some 
eans other than evaporation, an apparently clean surface will be left. 
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If, however, the drops evaporate, they will leave stain marks. Thus iff 
articles are to be dried by a draining-evaporation process, it is preferable to} 
remove the article from the rinse with a thin continuous film on the sur-} 
face. This will evaporate quickly and leave a relatively clean, dry surface. 


appropriate concentrations of the detergent in the rinsing bath. 
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This paper examines theoretically the behavior of solutions of colloidal 
articles or macromolecular matter under the simultaneous application of 
entrifugal and stopping electrical fields. 

1. We shall examine the behavior of a colloidal solution placed in the 
Itracentrifuge in a rectangular cell, the two sides of the latter, perpendic- 
lar to the radius of rotation, representing two electrodes. An electrical 
eld is applied to these electrodes, either using contacts through the axis 
f the rotor, or in some other way. In accordance with the electric charge 
f the colloidal particles the electrodes are connected in such a way that 
he force of the electric field acts in a direction opposite to the centrifugal 
orce. This stopping electric field has an intensity ¢. We suppose that no 
lectrolysis occurs in the cell; this is the case with nonaqueous (noncon- 
ucting) solutions. The cell is rotated with an angular velocity w. 

We assume that the colloidal solution contains identical noninteracting 
articles, each with an electrophoretic mobility, u, in the solvent used. 
xcluding the very first moment of application of the fields, for the ex- 
srnal force acting on a particle located at a distance x from the axis of 
tation, we have 

vB = uBe — mows [la] 


hen the relative mass of the particle is m > 0 (v = da/dt is the rate of 
irectional movement of the particle, and B is the constant of friction), 


od 
vB = mwz — uBy [1b] 


hen the relative mass is m < 0. 
At a distance 


yt po (I 


1e force acting on the particles is zero and the movement of the particles 
. both sides of 2 will be in opposite directions: when m > 0 the particles 
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will move away from x = 2 and when m < 0 they will move towards; 
xz = Xo. In the latter case after a sufficiently long time there will be a maxi 
mum in the concentration of the particles at 7 = Zo. 

If there are several components in the solution, each with a differentlg 
uB/m, and m < 0, the components will be separated along the radius of! 
rotation with respective maxima of their concentration at %o,, Xo, ete 
From the positions of these maxima for each component the values off 
(uB/m);, (uB/m)s, ete., can be determined. These values differ from they 
sedimentation constants by the factor w. 

2. For dilute solutions, after a state near the equilibrium is established 
the concentration of each component around Zo, sufficiently apart from the} 


electrodes, will be 


LU, 


—(mw2/2kT) (z—x9)? | 
Ca — Crna’ Vit a ae : (3) 


Here C, is the particle concentration at a distance x from the axis of rota4} 
tion, Cmax is the concentration at 2o, k and T being the Boltzmann con-+} 
stant and the absolute temperature, respectively. For these compon ia 
for which the values of x» can be sufficiently well resolved, the moleculan} 
weights can be determined using the conventional methods. 

3. The resolving power, i.e., the smallest difference in 2o for which wé 
still can determine separately the masses of two types of colloidal par 
ticles, behaving very similarly by ultracentrifugation in an electric field 
depends on the following condition. The distance between 2, and Zo) 
must at least equal the sum of 6; + 62, 6 being the distance from 2o, fo 
which the decrease in concentration is large enough to allow, according toy 


point. Here dc/dx has maximal value and hence, the precision for the} 

determination of m is greatest. For this case we have 
ee ae 

[4] 


Sie el) ee 
(63) m 


Therefore the condition determining the resolving power is given by 
LO, a 0 = 6, + bo & 26. 


4. Since the particles move in opposite directions with respect to %o, 
it could be supposed that soon after the application of the external fields 
and long before the sedimentation equilibrium is reached, there should be 
established a certain extreme value of the concentration at x. This sup- 
position, however, does not prove to be correct. 

At the beginning of sedimentation, the diffusion, being much smaller 
than the migration, can be neglected, and we have the simplified equation 

dc Oc 0 dv 


a | nS de 
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Bearing in mind Eq. [1b], the solution of this equation is of the type 
? = Cye*', and it should be true that dc/dx = 0 for all values of x. There- 
ore extreme values of the concentration at z = 2» could be expected after 
significantly longer time of sedimentation. 

5. The stopping electrical field will prolong the time necessary for es- 
ablishing the equilibrium distribution. This time for a distance 6 from 2» 
an be roughly approximated according to the methods used in common 
Itracentrifugation. We accept that the time for establishing the equilib- 
ium at a given place is proportional to the time necessary for the migra- 
ion of a particle from the sides of the cell up to this particular place. By 
omparing the time for migration with and without the stopping field, 
and to, respectively, we have 


1— x 

if, ne eee, 

t La — Xp 
to a 
iIne= 


lere x, is the distance from the axis of rotation to the outer side of the 
ell, xo is in the middle of the cell, and x2 = xo + 6. The length of the cell 
or the calculation of ¢ is taken to be 2(a,; — xo), and for the calculation of 
is ant See 

6. For a better illustration of the preceding elementary discussions 
oncerning the behavior of colloidal particles under ultracentrifugation in an 
lectric field we shall examine a numerical example. Let us have dispersed 
articles with a molecular weight, 1Z = 100,000, specific gravity A, = 1, 
nd electrophoretic mobility w = 10~-> cm.sec™ volt, the solvent being 
aloroform of viscosity 7 = 0.58 X 10-? and specific gravity A, = 1.48. 
hloroform is selected as solvent for several reasons—it has a relatively 
igh specific gravity, does not conduct electricity, excluding in this way 
1e complications which could be caused by electrode processes, and 
stly, the electrophoretic mobility in chloroform (1), as in other non- 
yueous polar solvents, retains a measurable value. In the above-cited 
aper, the electrophoretic mobility of glass in chloroform is given a value 
pout 20 times lower than in water. For this reason we accept u = 107°, 
»., about 30 times lower than the ordinary values of electrophoretic 
obility in water. The data for electrophoretic mobilities in nonaqueous 
vents are very scarce, stating only that these are lower than for water. 
or this reason we shall examine in some details the influence of wu for ultra- 
ntrifugation in electric field. 

According to the values accepted above for the relative mass of the par- 
sles we find that m = 8 X 10-®°, where m = M/N,(1 — A:2/Ai), and as- 


3M 
ming a spherical form, iB =3.8 105; where B = omg) 
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For common ultracentrifuges with w = 10° rev. sec.~, radius of the} 
rotor 5 cm., and length of the cell 3 cm., we can accept % = 3.ecm., which | 
means that the maximum in the concentration will be located somewhere | 
in the middle of the cell. For the realization of this case, according to Eq. | 
[2] we must apply an electrical field ¢ = 0.63 volt, or 1.9 volts between | 
the electrodes of the cell. This shows that even if w was 100 times smaller, |) 
i.e., 3,000 times smaller than ordinary electrophoretic mobilities in water, }) 
the potential difference between the electrodes of the cell should be only |, 
about several hundred volts, which can be achieved without any special |} 
difficulties. These considerations make us believe that the lowering of the 
electrophoretic mobility by nonaqueous solvents, which alone can be used |) 
under our conditions, would not represent any difficulty for ultracentrif- 
ugation in an electrical field. | 

In the case of the example discussed above, we obtain the reasonable }| 
value of 0.7 cm. for 6. For the time of settling, according to the dimensions 
of the cell, xo and 6, we find that t 3.5 t. Compared with common ultra- | 
centrifugation we have an increase in the time of settling of about 3 to 4 


times. 
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ABSTRACT 
m-1/t 
n+ 1/t 
rolyte and time of coagulation, respectively, and a, m, and n are constants, has 
een tested from the tyndallometric data obtained from the time-tyndallograms 
nd time-disperseodograms. At the same stage of coagulation the time of coagula- 
ion ¢ was plotted against 1/(C — a). Straight lines were obtained for each set of 


The equation, C = a + , where C and ft are the concentration of the elec- 


, n 1 : ; j 
alues according to the relation 1/C — a =—~t +—, which can be readily derived 
m m 


rom the equation. 


It was shown by Bhattacharya and Kumar (1) that the concentration of 
he electrolyte C and time of coagulation ¢ of arsenious sulfide, chromium 
rydroxide, and ferric hydroxide sols can be represented by the equation, 
2 m:1/t 
mot n+ i/t 
btained graphically from the intercept on the C-axis of C — 1/¢ curves. 


where m and 7 are constants and a is another constant 


F 1 1 
‘he above equation can be reduced to the form Se + —. It was 
Cred = \ym m 


hown that straight lines were obtained by plotting 1/(C — a) against #, 
onfirming the linearity of the foregoing equation. 

In order to confirm the merit of this equation by following a more pre- 
ise experimental technique, the times corresponding to the same stage of 
yagulation with different concentrations of the electrolytes were deter- 
ined from the time-tyndallograms and time-disperseodograms ob- 
yined by TeZak and co-workers (3), who studied the coagulation of silver 
alide sols in statu nascendi. Characteristic curves were obtained by them 
. the time-tyndallograms, where the tyndallometric value was plotted 
sainst time, as well as in the time-disperseodograms, where the radius 
‘ the colloidal particle in millimicrons was plotted against time using 
veral concentrations of the coagulating electrolyte. 
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Fic. 1. Concentration against reciprocal of time of coagulation as determined 
from the time-tyndallograms at different stages of coagulation, denoted by different 
tyndallometric values. 


EXPERIMENTAL ARRANGEMENT! 


A nephelometric method was used for the observation of the formation 
of the precipitate. The setup consisted of a tyndallometer (Triibungsmes+ 
ser, C. Zeiss) in combination with a Pulfrich photometer (C. Zeiss). The 
temperature of the measuring chamber was kept constant by using a ther 
mostat (Hoppler’s ultrathermostat). In order to determine the particla 
size the so-called tyndallometric, dispersion quotients, DQr, have bee 
used. This DQr method was developed by TeZak (4) following the result 
which Teorell (2) obtained in an investigation of the relation betweer 
the coefficient of light extinction and the particle size in colloidal systems 


VERIFICATION OF THE HQUATION | 


The same stage of coagulation was determined by drawing a line parallel 
to the time axis which cut the other axis and the tyndallometric curves 
for the different concentrations of the electrolyte assuming that the same 
tyndallometric value or the same radius of the particle connotes the same 
state of aggregation and hence of coagulation. The time intervals at the 


1A detailed account of the experimental arrangements has been mentioned by 
TeZak and co-workers (3). 


200 
S 
S e 
9 S 
= ise Q 
Ss S/S 
150 ; oe s 
SN Si S 
& wv S 
> .& © 
£ SPS 
XS) S Ss 
SS wv iw 
& Sf & 
3 & AK 
{ = 
® 100 Sy a) 
= cS 
a = 
50-0 q 
O/e 


0 4 6 8 10 12 
t, minutes 
Fig. 2. The value 1/(C-a) against time of coagulation as determined from the 


ime-tyndallograms at different stages of coagulation, denoted by different tyndallo- 


1etric values. 
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Fig. 3. Concentration against reciprocal of time of coagulation as determined 
om the time-disperseodograms at different stages of coagulation, denoted by dif- 
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same stage of coagulation for different concentrations of the electrol 
were read from the curves. Having thus obtained the values of the ti 
of coagulation ¢ at the same stage for known concentrations C,, the C-1 
curve was plotted (Figs. 1 and 3). The curve cuts the C-axis when 1} 
is equal to zero, i.e., when ¢ tends to infinity. This intercept on the C-axi 
gave the value of the constant a. Since the concentration of the electrol 
is already known, 1/(C — a) was plotted against ¢ (Figs. 2 and 4), whey 


straight lines were obtained in all cases according to the equation aE 


oi 4. Ee 1/m was now determined from the intercept on the 1/(C — ay 


axis when ¢ = 0. The tangent of the angle with the ¢ axis is equal to n/ 
Thus 1/m or m being known, n was calculated. In this way the constant 
a, m, and n were determined (Table I). 


100 


50 


1/C-a 


t, minutes 


: Fre. 4, The value 1/(C-a) against time of coagulation as determined from thé 
time-disperseodograms at different stages of coagulation, denoted by different radii 
of particles. 


TABLE I 


Calculation of the Constants a, m, and n from the Time-Tyndallograms and Time 
Disperseodograms at Different Stages of Coagulation 


Time tyndallograms Time disperseodograms 


Stage a m (1-1) Stage a m (r-) . 

M M mE M Mu | 

ae = 0.015 0.02 | 0.0588 | 0.229 i = 0) 0.01 | 0.0294 | 0.0137 
ae = 0.030 0.02 | 0.0588 | 0.123 [tp eS 7S 0.01 | 0.0294 0.0215. 
Vie 102045 0.02 | 0.0588 | 0.091 | R = 100° 0.01 | 0.0294 0.0343 


* Not shown in the figure. 
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Discussion 
Interpretation of the Constants a, m, and n 


When C and 1/¢ are plotted the curve cuts the C-axis and the intercept 
, 1/t = 0 is given by ‘a’, i.e., a is the value for { > . This means that 
ie stability of the sol remains unaffected up to a concentration given 
y a, which has been designated as the “critical stability concentration” 
the electrolyte for the sol. When 1/t is very large as compared to n, 
»., When ¢ is very small as happens in the rapid coagulation region, n 
in be neglected so that C = a + mor C — a = mor more strictly C — a— 
in the zone of rapid coagulation. Therefore m represents the concen- 
ation of the electrolyte above the critical value a which will produce in- 
antaneous coagulation. 

In order to interpret n consider an alternative form where C — a = 
/(nt + 1). Working out the dimensions of the equation we find that 
/ + 1 should have no dimension and this can be possible only when n 
as the dimension 7. Hence n can be put equal to 1/t or k/t. Substituting 
= 1/t in the new equation we get C — a = m/2 or if n = k/t is sub- 
ituted, C — a becomes equal to m/(k + 1). This means that n is a charac- 
ristic constant for the sol, which shows that the sol will be coagulated in 
me interval ¢ by 1/(k + 1)th fraction of m (quantity for instantaneous 
agulation). Hence we connect n with sensitiveness or susceptibility of 
e sol to the electrolyte which becomes equal to k when ¢ = 1. But the 
sceptibility of the sol particles may be dependent on a large number of 
ctors such as size and shape of the particles, charge and zeta potential, 
ickness and interaction of the double layers, and last but not the least 
e adsorption, ion exchange, and changes in the dielectric constant, etc. 
It is interesting to observe from the above table that n decreases with 
creasing tyndallometric value as also with the decrease in the radius of 
e colloidal particle, or in other words, the order of decrease in the values 
n directly indicates the greater and greater degree of aggregation of the 
agulating particles. Further from the variations in the values of n at 
fferent stages of coagulation it becomes evident that n depends upon the 
etors which determine the stability of the sol and hence can assume a 
finite value with different concentrations of the electrolyte at a particu- 
r stage of coagulation or degree of aggregation of the colloidal particles. 
hen the same stage of coagulation is reached where the net effect of the 
sical factors determining the stability of the sol may be visualized to 
main the same by adding different concentrations of the electrolyte, n 
il have a constant value corresponding to the same degree of aggregation. 
vis has been actually observed (vide 1/(C — a) and ¢ curves). 
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ABSTRACT 


A simple and rapid method has been developed for determining micro-drop vol- 

nes by the inclusion of uniform size solid particles in water drops. Corn smut spores 
7.8 « average size and latex spheres of 0.514 » mean size have been used to calibrate 
sensitive surface which can collect and measure water aerosol droplets having 
ameters ranging from 1 to 100 u. The method is especially valuable in the drop size 
nge i to 10 w where other calibration techniques fail. No elaborate equipment is 
essary. Precision is greatly improved by utilizing arithmetic mean calculations 
minimize statistical error. A calibration curve is presented relating droplet size to 
llecting surface spot size. The method enables the use of the polyvinyl alcohol- 
ver nitrate-hydrogen peroxide film for water aerosol sampling with satisfactory 
ecision. 


The difficulty of accurately calibrating water aerosol collecting surfaces 
demonstrated by the efforts to calibrate soot and magnesium oxide slides 
, 2), dye films (1), chemically processed surfaces (3), and special ion indi- 
ting surfaces for droplet collection (8, 4). The basic difficulty in such cali- 
ation is relating the droplet volume to the impression the volatile droplet 
akes on the sensitive collecting surface. The individual volumes involved 
e on the order of 10— to 10~7 ml. for 1- to 100-» diameter droplets. Sta- 
tical considerations become laborious if large collections of polydisperse 
rosols are analyzed for tracer solutes and these analyses are used to relate 
op volume with resulting spot size on the collecting surface. Thus, the 
stem of calibration most often employed is a comparison of droplets col- 
sted in a grease matrix with the impressions made by the same droplet 
stribution on the collecting surface. This method of calibration requires 
at very large numbers of both grease-enclosed droplets and collecting 
rface impressions be measured to deduce even the roughest correlation. 
aborate equipment is often necessary to reduce droplet evaporation en- 
untered in the dual collection system. 

The method presented here is independent of droplet size-frequency dis- 
butions, does not require a separate droplet size measurement, and neces- 
ates only a relatively small number of drop impression measurements. 
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The precision of the spot diameter measurement, likewise, need not be high || 
to produce a reliable calibration. 


PRINCIPLE OF THE MrtrHop 


The theory of chemical aliquots may be applied to a suspension of solid 
particles of uniform size, provided they are small and the suspension 1s 
vigorously stirred. Under these conditions, any small droplet will contain 
the same proportion of solid particles as the original suspension. Utilizing 
this hypothesis, a water-sensitive chloride ion indicating collecting surface 
(3) has been calibrated. Droplets landing on this transparent film diffuse 
along the surface and into the film, forming microscopic craters. The di- 
ameters of these impressions are about twice those of the droplets forming 
them. The calibration of droplet size with spot size is effected by first 
aspirating droplets from a master suspension onto the film. The number of 
solid particles per unit volume of the master suspension is determined by 
pycnometer or haemacytometer methods. The diameter of the impression 
formed is measured and a count made of the solid particles in the spot area. 
There is a statistical variation in the number of solid particles a given size 
drop will contain. To minimize this statistical error a number of spots of a 
given size must be measured and the solid particles within them counted 
and averaged. This average number of solid particles per given spot size is 
used to compute the volume of the droplet forming the spot. This compu- 
tation is easily made by simple proportion since the number of particles per 
unit volume has already been determined on the master suspension. This 
calculated volume is the sum of the volumes of the water and the solid 
particles. Since only the liquid portion of each droplet diffuses into the film 
and forms the spot, the solid particle volume must be subtracted from the 
calculated volume of the droplet. This difference is the effective volume of 


the water drop and the diameter of the spot it produces. A calibration point 
is thus obtained. 


EXPERIMENTAL DETAILS 


In order to calibrate the sampling surfaces throughout the 1- to 100-p 
drop size range, it was necessary to employ two sizes of solid particles. For 
the droplet size range 30 to 100 u, plant spores of the common corn smut! 
were used. These spores, having a density about 1.3 g./cc. are amazingly 
uniform in size at 7.8 + 0.3 uw and almost spherical. For the droplet size 
range 1 » to 30 u it was necessary to use smaller particles. Uniform poly- 
styrene latex spheres? suspended in water were found to be ideal for this 
procedure. These spheres are sized by the manufacturer and in this case 
were 0.514 » in diameter with a standard deviation of +0.011 p. 


1 Corn husks containing this fungus were obtained from the University of Cali- 
fornia Herbarium, Berkeley, California, through the courtesy of Dr. Lee Bonar. 
* Dow Chemical Co., Physical Research Lab, 2-280 Bldg., Midland, Michigan. 
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Fig. 1. Photomicrograph of droplet impressions on the sensitive collecting sur- 
ce. (a) (upper) Impressions containing corn smut spores (magnification 232 X). 
) (lower) Impressions containing latex spheres (magnification 1200 X). 
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Corn Smut Spore Calibration 


Two water suspensions were made with the corn smut spores. Hight |) 
samplings were taken from each suspension and the number of spores per 
cubic millimeter determined by conventional haemacytometer methods. 
These measurements were averaged and the mean spore concentrations 
were found to be 198,000 + 4500 spores/mm.* and 206,000 + 4000 spores/ |, 
mm.’ with probable errors of 2.3 % and 2 %, respectively. From these vigor- | 
ously agitated suspensions water aerosols were aspirated and impacted on }) 
sensitive collecting surfaces (3). The droplets, impacting on the film, dif- | 
fused into the material, leaving the spores on the surface. Standard develop- | 
ment methods associated with the film technique (3) defined the drop }) 
spread area (Fig. 1a). Microscopic measurements with a micrometer eye- || 
piece were then made of each spot diameter and tabulated with the number | 
of spores in that spot. All spots of a given diameter were then listed toge- 
ther. The number of spores associated with each were totaled and averaged. 
This arithmetic mean number of spores per given spot size was then used 
in a simple proportion calculation to determine the total volume of the drop 
plus spores. The spore volume was subtracted yielding the volume of water 
which caused the given spot. Table I lists the various spot sizes measured | 
and the diameters of the drops which produced each spot. Probable error 
measurements are tabulated and will be discussed later. 


TABLE I 
Calibration with Latex Spheres and Corn Smut Spores 
Film spot Arithmetic mean Probable error Probable 
diameter droplet diameter of the mean error 


(u) (u) (x) (%) 
Latex Sphere Suspensions 


2 3.08 +0.11 +5 

3 Pls 

4 3.05 

5 3.68 +0.02 +0.6 

6.3 4.38 

ao 4.88 +0.11 +2 

8.3 5.66 

10 6.53 +0 .06 +1 
me 8.09 +0 .07 +1 
16.7 9.95 +1.35 +1.5 
26.7 i, 

33.4 18.4 

Corn Smut Spores 

31 18.9 

52 29.5 +0 .54 +2 
84 47.6 

90 52.0 +0.20 +0.4 
135 U5) +1.1 +1 
180 98.1 +1.7 +2 
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Latex Sphere Calibration 


The solid content of the latex suspension was determined by gravimetric 
methods. Information on the mean particle size and density was supplied 
by the manufacturer. From this data the concentration of latex spheres was 
found to be 1.240 X 10% + 0.007 x 10” particles per milliliter, a probable 
error of 0.6 %. In order. that a countable number of spheres would result in 
each droplet aspirated in the size ranges 1 uv to 30 yu, it was necessary to 
lilute the latex preparation. The dilution ratios of latex to water were 1: 10, 
1:25, 1:50, 1:75, 1:100, and 1:200. The various dilutions were aspirated 
und the droplets collected on the sensitive films. The spots were developed 
Fig. 1b), the impression diameters measured, and the number of spheres 
der spot counted. The same averaging method used for the spore technique 
vas utilized here to reduce statistical variations in number of spheres per 
siven size droplet. By methods similar to those used for the spore tech- 
uques, the drop diameter-spot diameter relationships were determined 
Table I). 

A total of 3000 droplet impressions containing over 20,000 spores or latex 
pheres were measured and counted in this calibration. Either an eyepiece 
raticule containing circles of varying diameters or a micrometer eyepiece 
vas used to measure each spot size. The spores or latex spheres were rapidly 
ounted using a hand tabulator. 

Velocities of impaction up to 170 m.p.h. were investigated. The relation- 
hip of spot size with drop size remained unchanged throughout the range. 
‘ariations of humidity during the collection of droplets on the film had 
ttle effect on the calibration. 

The calibration points of spot diameter with drop diameter (Table I) are 
lotted (Fig. 2) and a straight line drawn connecting the points. 


») 
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Fia. 2. Calibration curve relating film spot diameter with droplet diameter. 
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Error DIScussION 


A basic assumption of the method is that the theory of aliquots can bef 
applied to suspensions of uniform small particles. That this assumption isi 
reasonably valid can be seen from the concentration measurements of spores fi 
per unit volume by the haemacytometer technique. The probable error of i 
2% is sufficiently small to preclude the propagation of large errors due to i 
inadequate stirring of the master suspension. The small particle size of the} 
latex suspension is even more favorable for sustaining the assumption in} 
the small droplet range. The propagation of errors in other phases of the# 
experiment probably overshadows this error. 

Besides the usual microscope and operator biases, there are two inherent § 
errors of the method which cannot be eliminated. The first is introduced by 
the mere physical presence of comparatively large spores in the droplets. }) 
It is to be expected that a small amount of water will adhere to the spore} 
surface and evaporate rather than contribute to the spreading of the drop- 
let along and into the film. T hus, the spot formed tends to be smaller than } 
it would have been without the spores. The second inherent error is due to 
the presence of an unknown quantity of surface-active agent in the latext 
preparation. Dilutions of latex in water from 1 /10 to 1/200 show a slight, | 
but reproducible, trend towards greater droplet spreading on the film with} 
higher surface-active agent concentration. Averaging similar values obe| 
tained with different dilutions helps reduce the error due to this effect. 

Errors must also be expected when using solid particles only 0.5 » inf 
diameter. Even though they need only be counted, their size is approaching |! 
the practical limit of the microscope. Magnifications up to 600 X were used 
on the smaller drop ranges in order that reasonably accurate sphere counts 
could be made. Because of the system of averaging fairly large counts, frac- 
tional particles result in the calculations and are carried through. They are} 
not to be construed as indicating great experimental accuracy. : 

Three independent experiments were conducted to determine certain of | 
the calibration points. For these various points the probable errors (6) have | 
been computed (Table I). These error values represent the cumulated errors! 
due to operator bias, instrument deficiencies, and inherent statistical errors 
of the method. Some points appear to be more biased than others. This is 
indicative of operator fatigue from long hours at the microscope. Such 
biases are difficult to appraise mathematically, but probably contribute a) 
major share of the error in aerosol measurement technique. In general the 
probable error is largest in the small particle range, being about 5 %; in the 
larger size range it is about 2%. Errors due to micrometer eyepiece measure- 
ments of spot diameters are not formally appraised. They contribute to the 
error calculated in the mean droplet diameter. 


{ 
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APPLICATIONS 


Use of the uniform size spores and latices both alone and as a droplet 
ontaminant shows promise as a means of checking sampling instrument 
as, isokinetic characteristics, and efficiency. Uniform particles as a drop- 
st volume indicator may have use in micro-analytical chemistry as a cali- 
rating mechanism. Aerosol droplet agglomeration and evaporation, and 
hemical reactions between aerosol droplets offer studies wherein the 
1xethod may be useful. 
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ABSTRACT 


The need for « durable, precision collecting surface for water aerosols has led tcl 
the development of a new transparent 35-mm. film sensitive to distilled water andj 


sea water fog droplets in the size range 1 to 100 ». The droplet indicating film is poly; 
vinyl alcohol containing silver nitrate and hydrogen peroxide coated on a substrate 
of 35-mm. cellulose acetate film leader stock. A unique development process employ+ 
ing gaseous phenylhydrazine, ammonia, water vapor, and ultraviolet light from a 
sun lamp defines the impressions left by the droplets. The salt water impressions are} 
sharply distinguished from distilled water spots by intense color differences. The 
chloride detection mechanism allows the identification of droplets containing as 
little as 0.02% sodium chloride. Special techniques are developed which allow col 
lections of radioactive water droplets to be identified by radioautographic methodss 


HIsToRICAL 


Early in the quest for positive indicating surfaces upon which fog or rainh 
droplets might leave measurable impressions, such materials as soote¢ 
glass slides became very popular (1, 9-11). Their major deficiencies were) 
lack of definition for droplets smaller than 10 uw and fragility of the so H 
carbon coating. Much work was done to correlate the size of the impression! 
with that of the original droplet, but conflicting spot types tended to con-| 
fuse the issue (9). Magnesium oxide coatings were substituted (7) because} 
they had finer particle sizes and were easier to distribute over the slide.} 
Rough calibrations were made using this material (1), but resolution diffi 
culties still prevented the register of less than 10-» diameter droplets. 

During the same year carbon black slides were introduced, the petrola- 
tum-mineral oil slide was developed (5). This method with several impor- 
tant improvements (7, 8) has become one of the most reliable laboratory 
means of collecting droplets. The technique involves inverting a warm 
vaseline-mineral oil coated cover glass over a solidified grease-coated col 
lecting slide containing impinged droplets. It is not adaptable for general 
field use. To get away from the fragile soot and oxide coatings and the 
difficult grease methods, thin dye films bound with gelatin, polyvinyl 
alcohol, ethylhydroxycellulose, and others were tried (9). Deleterious hu- 
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idity effects and poor small droplet response hindered the usefulness of 
ese methods. Specialized surfaces to indicate contaminating ions such as 
ides (2, 4), carbonates, nickel, cobalt, and copper (3) were developed. 

All the above materials have been useful for certain applications. How- 
er, there is an evident need for a sampling surface which combines a 
nsitivity to distilled water droplets with specialized ion identification, 
ggedness in the field, and reliability in the small particle range. The com- 
nation of these properties into one collecting surface together with meth- 
Is for detecting radioactive droplets is the purpose of this investigation. 


DEscRIPTION OF THE Mrruop 


From this investigation has evolved a new type of transparent film 
mpling strip. Its base is a 35-mm. film of cellulose acetate on which a clear 
iter solution of polyvinyl] alcohol-silver nitrate-hydrogen peroxide is dip 
ated and dried. The sensitive mechanisms of this sampling strip are best 
seribed in four phases: (1) the physical impression made by water drop- 
Ss on the film, (2) the chemical reaction of sea water droplets and their 
otochemical development, (3) the vapor phase chemical development of 
stilled water impressions, and (4) the radioautographic methods adapted 
r radioactive droplet detection. Because of the interacting complexity of 
ese combined film properties, a brief discussion of each phase follows. 
Phase 1. Water droplets in the size range 1 to 100 uw produce permanent 
ater-like impressions on dried gelatin or polyvinyl alcohol films by dis- 
rting the water-soluble film (Fig. 1a). The raised peripheral lips of these 
aters create optical ‘lens effects’? under the microscope, thereby making 
e craters visible. Their diameters are accurately measurable down to the 
-u. size; below this, the resolution is difficult. Both sea water and distilled 
ter droplets make identical spots. Experiments show that polyvinyl 
ohol (PVA) is superior to gelatin in crater formation and humidity 
sistance; hence, PVA was chosen as the water-sensitive material. 

Phase 2. Hydrogen peroxide buffered silver nitrate is introduced into 
e plastic mix to promote a precipitation reaction between the sea water 
loride ions and the silver. The resultant silver chloride precipitates only 
thin the bounds of the saline droplet spread on the film. By photochemi- 
ly reducing the silver chloride to colloidal silver, strong color differences 
s produced between the distilled water and sea water spots. The sea water 
»ts are deep red-brown; the others are transparent (Fig. 1b). The rapid 
ver chloride reduction is accomplished by high-intensity sun lamp 
osure. 

Phase 3. The accidental use of phenylhydrazine vapors on a droplet 
pinged film led to the discovery of the “developable” properties of 
tilled water spots. Distilled water droplet impressions become well de- 
sd and colored (Fig. 1c) even in the difficult 1- to 10-u range when exposed 
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Fia. 1. Various stages of development of droplet impressions on the sensitive film 
(magnification 360 X). (a) Undeveloped salt and distilled water droplet impression: 


(0) The same impressions after sun lamp development. (c) The same impressio 
after sun lamp and phenylhydrazine development. 
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) vapors of water, phenylhydrazine, and ammonia. The mechanism of this 
action is conjectural but differences of silver nitrate concentration within 
1e drop spread area are thought to be contributing factors. 

Phase 4. The water droplet collecting film is found to be insensitive to 
igh-activity radiation. In order that radioactive droplets might be de- 
ected, the radioautographic techniques of LaRiviere and Ichiki (6) were 
dapted for film usage. By coating the chemically developed droplet im- 
inged film with a transparent water repellent varnish,! photographic 
uclear emulsions could be applied directly to the film surface for auto- 
raphing. Subsequent emulsion development, fixing, and washing does not 
arm the protected droplet impressions. 


LABORATORY PROCEDURES 


Film Preparation. Laboratory amounts of the film are most easily made 
y the following techniques. 

A distilled water solution containing 30% by weight of PVA? is made by 
‘irring the dry powder into cool water with strong agitation. The solution 
heated to 80°C. and stirred continuously until the powder is completely 
issolved. The clear solution is allowed to stand for several hours, to cool 
nd debubble. To this cool, bubble-frée mixture is gently added dilute 
itric acid until a pH of 5 is reached. A solution of hydrogen peroxide and 
lver nitrate is stirred in so that the final mixture has by weight 20% PVA, 

% silver nitrate, 0.3% hydrogen peroxide, and the remainder distilled 
rater. 

Cellulose acetate base films? are first etched in saturated potassium hy- 
roxide solution so that the coating will properly wet and adhere to the 
irface. The film is thoroughly washed in distilled water, then dip coated 
1 the coating solution. The coated films or slides are dried at 40°C. or less 
hile hanging in a vertical position. Using this mixture at room tempera- 
ire will produce a water-sensitive coating about 1 mil thick on each side 
t the dipped base. 

Spot Development. Small-scale spot development can be accomplished 
ith simple apparatus. The sea water impressions are first photochemically 
duced by several minutes exposure 2 in. from the sun lamp. Then the 
istilled water spots are chemically developed by exposure to phenylhydra- 
ne vapor. Practice is required to achieve the proper degree of development 
ad care must be exercised to control certain film variables discussed later 
this paper. For the small film vapor development, place about 30 ml. of 


1Krylon,” acrylic spray, Krylon, Inc., Philadelphia, Pennsylvania. 
2Plvanol 51-05, E. I. Du Pont de Nemours, Inc., Electrochemicals Dept., Wil- 


ington, elewire: 
3 Bastman Kodak Co., #3 clear safety 35-mm. film with positive perforations, 


schester 4, New York. 
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phenylhydrazine in a liter beaker and heat until white fumes appear. Re! 
move the beaker from the hot plate and add 5 to 10 ml. of 30% ammoniy 


water. Droplet impinged film strips are thrust into the vapor above thi) 
liquid and held until the surface is silvered. Condensation of vapors ont H 
the film can be avoided by preheating the film to near 80°C. Moistening th i 
heated film over hot water improves the development, but care must bp 
taken that no condensation occurs. Because of the toxic nature of phenyll! 
hydrazine, all work should be done in a hood; handling should be with 
gloves and tongs. After sun lamp and phenylhydrazine development, seq} 
water spots will appear deep red-brown, whereas pure water spots are gray 
or brownish. All spots are well defined in the range 1 » and larger; they ard: 
perfectly circular and accurately measurable. 


EXPERIMENTAL INVESTIGATIONS 


Chloride Sensitivity. Because of salt content variation in sea fogs, it if 
important to know the limits of film chloride detectability. Solutions o 
varying salinity were aspirated with a small volume aerosol generator sys} 
tem (4). Fourteen 2-in. strips of 35-mm. sensitive film were cut from 4 
master film batch. Each strip was impinged with two aerosols of differing 
salinity (Table I). The droplet size range of these aerosols was 1 yu ant 
greater. Each film strip was then divided into three sections. Each section 
was developed periodically over the time indicated. Before development 
each section was halved. One half of the section was developed with phenyl 
hydrazine vapors; the other half was first exposed for 2 min. at 2 in. from 
a sun lamp, then chemically developed. | 

With this test arrangement, it is seen that a brief sensitization of thé 
silver chloride areas with ultraviolet ight greatly enhances the spot colo 
contrast with subsequent phenylhydrazine development. A 2-min. sun 
lamp exposure alone is not enough clearly to develop the lower concentra 
tion chloride droplets, but by combining the sensitizing system with vapor 
reduction, considerable development time can be saved and water spot 
contrast increased. 

Table I indicates that the lower limit of saline sensitivity occurs with 
droplets containing 0.02% sodium chloride by weight. With proper stand 
ards, a pure sea water droplet can easily be distinguished from droplets 
containing lesser amounts of sodium chloride. 

Vapor Phase Components. The essential components of the vapor phase 
reduction system are water vapor, phenylhydrazine vapor, and ammonia. 

The chemical reduction operates essentially as follows. Consider first a 
film containing only impressions of distilled water droplets. These droplets 
have by some mechanism changed the local silver nitrate concentration on 
the film in their spread area. The water vapor in the reducing system opens 
up the plastic structure and carries the phenylhydrazine vapors into the 
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TABLE I 
Chloride Sensitivity 


l Development of color contrast between aerosols? 
The 1 wk 3 wk 5 wk 
eal a Aerosol 1 Aerosol 2 f = x a 7 c 
| B +4 B +8 B 48 
s Z ca Z a aZ 
a Renee Hiei ae Ng aie a 
el Dist. H.O 38% NaCl S VS fy al AAS) WwW s 
| 2 Dist. H.O 2% NaCl 8 VS M VS M S) 
83 Dist. H:O 1% NaCl S S) M VS W WwW 
| 4 Dist. H.O 0.2% NaCl M S WwW S N WwW 
bed Dist..H20 0.02% NaCl W W WwW W N N 
| 6 Dist. H,O 0.002% NaCl N N N N N N 
7 0.02% NaCl 0.002% NaCl N N N N N N 
| 8 0.2% NaCl 0.02% NaCl N WwW W M N N 
9 1% NaCl 0.02% NaCl Ss Ss M/S M/S 
| 10 1% NaCl 0.2% NaCl M M M VS M Ss 
1 2% NaCl 0.2% NaCl wi|M We lS, Sie Wash 8 
112 2% NaCl 1% NaCl W M WwW S W W 
aS 3% NaCl 1% NaCl W M M VSia Wi Ss 
14 3% NaCl 2% NaCl WwW WwW N WwW WwW WwW 


4 VS—Very strong color contrast. S—Strong color contrast. M—Moderate color 
ontrast W—Weak color contrast. N—No color contrast. 


lm where the silver reduction begins. At the same time, ammonia, acting 
» a fashion similar to its role in classical chemical silvering, retards the 
iver crystal size growth while also aiding the penetration of the reducing 
gent. The rate of reaction is identical throughout the system. However, 
wing to the infinitesimal difference in silver nitrate concentration in the 
rop area, the degree of silvering in the spot is different. This variance from 
he background silver gives the color contrast necessary to define the pure 
rater impression. The inhibiting effect on silver crystal growth by am- 
ionia is valuable in preventing the formation of a surface haze of silver 
hich can mask the color differences between spot area and adjacent film. 
f such a haze does occur, it is removable with a soft cloth. The temperature 
t which the redox reaction takes place is important, for it determines not 
nly the concentration of water vapor and phenylhydrazine but also the 
Itimate size to which the silver crystals can grow under the vapor condi- 
ons. In general, the higher the temperature, the larger the ultimate silver 
rain size. 

Consider now the more clear-cut action of the system on salt water drop- 
+ impressions. In this droplet area is a colloidal dispersion of silver 
hloride from the saline-silver nitrate reaction. A brief sensitization by the 
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sun lamp has partially photo-reduced the chloride crystals. Under the vapor 
chemical action, the reduction to silver proceeds much more rapidly and oH | 
a greater extent than does the distilled water droplet area. Thus sharplig 
contrasting spots of two aerosol types are produced. | 

Temperature Effects. The effect of elevated temperatures on the dry filng 
is not harmful. Rigorous temperature tests show conclusively that contin 
ous exposure to 70°C. temperatures for 34 days does not seriously deteriof: 
rate the film properties either before or after impingement with aerosol} 
Although film darkening at the upper temperature range is considerabley 
it does not interfere with the droplet indicating properties. | 

Humidity Effects. Because of its great affinity for water droplets, the filmy 
is necessarily sensitive to changes in humidity. Mild humidity variation 
does not affect the formation of the crater-like impression. However, thd 
chemical reduction of the silver nitrate is affected. Extensive experiment 
were carried out to determine the effect of humidity on the film. Sensitivd 
film strips were exposed for periods of 24 hr. to 9 months in relative humidi¥ 
ties of 0 to 72%. These same strips were then impinged with water and sal 
water aerosols and again exposed to the various humidities for 24 hr. to | 
days. At the end of the test periods the strips were photochemically andj 
chemically developed and the spots rated according to qualities of resolu 
tion, color, and contrast. From extensive experiments employing a large} 
variety of time-humidity combinations, the following general conclusions 
were reached. Films stored for extended periods of time before use as} 
aerosol collectors retain their sensitive properties when kept in environment 
of 50% relative humidity or less. Film strips which have been impacted} 
with droplets can be stored prior to chemical development for several weeks} 
without impairment of sensitivity so long as the relative humidity remains} 
below 70%. Once the droplet spots have been developed by photochemical 
and chemical processing, the impressions are permanently fixed in size and} 
color characteristics. 

Fluctuations of moisture content during the actual development of the} 
film in the chemical vapor bath have produced complex and as yet unex- 
plained variations of spot development. Such moisture variations produce 
great differences in colloidal silver grain size which lead to color combina- 
tions of spectral brilliance. To avoid the oftentimes disastrous fluctuations, 
elaborate control systems were devised to reproducibly control the chemical 
vapor concentrations in the development process (12). 

Special Requirements. The film is moderately photosensitive and must be. 
stored in total darkness. To permit long-term storage of film samples under 
field conditions where wide humidity fluctuations might be expected, sealed 
polyethylene bags are used and the wrapped films stored in sealed film cans. 
Films, under proper conditions, can be stored as long as nine months with- 
out impairment of sensitivity. 
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CALIBRATION OF THE FILM 


The sampling surface calibration of spot size with original drop size has 
en completed in the 1- to 100-u droplet diameter range. The procedure, 
ta, and curves are presented in a separate report. 


APPLICATION 


One of the most interesting potential applications of the technique is in 
e study of the effect of various nucleii on the size distribution of a liquid 
rosol. The true effects of such “cloud- seeding” materials are still largely 
eculative. A continuous sampling of size distribution both before and 
ser “seeding” should give quantitative data about possible particle size 
owth. The use of radioisotopes in liquid aerosols for studies on droplet 
glomeration, investigations of air stream flows, and smog applications 
ers a wide variety of problems in which the material may be useful. 
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BOOK REVIEWS 


Gas kinetics : An Introduction to the Kinetics of Homogeneous Gas Reactions. 
y A. F. Trorman-Dicxenson, Lecturer in Physical Chemistry in the University 
‘ Edinburgh. Academic Press Inc., 125 East 23rd St., New York 10, New York, 1955. 
+ 322 pp. Price $8.00. 

This book fills an important gap in the literature of chemical kinetics. Other 
scent books have a much wider field and hence discuss gas reactions in a much less 
etailed way, and in most cases have also a much more theoretical bias. There has 
mg been a need for a book such as the present one which covers basic theory, but 
at the same time definitely written from an experimental point of view. Nothing 
hich covers the same general field has appeared since Schumacher’s Chemische 
asreaktionen, which is now nearly twenty years out of date. The author has himself 
ade contributions to almost all branches of the subject, and is eminently qualified 
) write such a book. 

_ The initial chapter discusses the relation of chemical kinetics to thermodynamics, 
ond dissociation energies, etc. The second chapter gives an excellent and concise 
secount of the theories of chemical kinetics. This is followed by chapters on uni- 
iolecular decompositions and bimolecular combinations, transfer reactions, and 
idical decompositions and additions. For a book of only slightly over three hundred 
ages the references are unusually numerous and complete, although not many of 
1em are later than 1953. 

This is an excellent book, and is both clear and critical. It can be strongly recom- 
ended to all workers in the field, and as an authoritative introduction to the subject 
ir students of chemical kinetics. The book is well produced, and the price is reason- 


dle. 
E. W. R. Sreactz, Ottawa, Canada 


A Course in Modern Techniques of Organic Chemistry. By R. P. Linsrmap, J. A. 
LVIDGE, and MarcarEeT WHALLEY, Academic Press Inc., New York, 1955. 190 pp. 
rice $5.00. 

This little volume contains material which is part of a course at the Imperial 
ollege of Science and Technology in London. 

The range of material covered is quite large and has been conveniently divided 
to three parts: Techniques of Purification and Separation (including adsorption, 
wrtition, paper and ion-exchange chromatography, multiple fractional extraction, 
nophoresis on filter paper, isolation and purification of protein, fractional distilla- 
on, vacuum sublimation, final purification of solids and of liquids for analysis), 
yecial Reaction Techniques (vacuum line technique, catalytic hydrogenation at low 
1d high pressure, reaction in a Carius tube, vapor phase reactions, reactions in 
yuid ammonia, use of lithium aluminum hydride, preparative electrolysis and 
onolysis) and Techniques of Quantitative Analysis and Allied Physical Measure- 
ents (semi micro carbon and hydrogen, micro Kjeldahl, active hydrogen, molecular 
sight, potentiometric titration, polarographic analysis, colorimetric analysis, 
sorption spectrometry by use of visual and photoelectric instruments). 

The chapters are written extremely concisely with a minimum of theoretical dis- 
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cussion, the emphasis being on the description of actual experiments involving the 
particular method or technique under consideration. References are given for further 
elaboration of the subjects covered. There can be little quarrel with the choice of 
topics, although some tabulation of data might have been included in connection 
with some chapters such as on ultraviolet absorption. The omission of infrared data 
is unfortunate. 

Some slight drawback of the book is that it is designed for use with specific British 
equipment (chapters on potentiometric titration, colorimetric analysis, polaro- 
graphic analysis, absorption spectroscopy). This affects only a small part of the 
volume, however, and should not detract from its general usefulness not only in 
connection with a course, but as a handy bird’s-eye view of a variety of topics en- 
countered in research work. From that point of view it is highly recommended. 

GitBeRtT StorK, New York, New York 


The Elements of Chromatography. By Trevor I. Witi1ams (Oxford). 90 pages, 
36 figures including 7 colored plates and a photograph of David T. Day. Published 
by the Philosophical Library, New York, and printed by Blackie and Son, Ltd., 
Glasgow. Price $3.75. 

This delightfully written little book and beautiful example of the printers’ art 
is highly recommended to all who wish to read a short and concise book on chroma- 
tography. 

A great deal of fundamental information is provided in this skillful presentation. 

Artruur W. Tuomas, New York, N. Y. 
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I. The Specific Turbidity 
Richard M. Tabibian, Wilfried Heller, and Joseph N. Epel 
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INTRODUCTION 


The use of light scattering for determining the size and shape of particles 
of colloidal or subcolloidal size dates back more than half a century. The 
first extensive discussion of experimental light-scattering phenomena was 
carried out by Tyndall in 1868. The first significant work on the theory of 
the problem was done by Rayleigh in 1871 (1). 

In spite of the fact that the basic theoretical development had been 
completed and useful experimental techniques had been developed at a 
rather early date, the systematic experimental investigation and practical 
application of light scattering had been lagging until about fifteen years 
‘ago. The reasons for this were twofold. First of all, prior to the modern de- 
velopment of protein chemistry and of synthetic materials, it was rather 
difficult to obtain colloidal and macromolecular systems of well-defined and 
fairly uniform particle size. Secondly, and this may have been the main 
reason, the need for information on the dimensions or molecular weights of 
colloidal or macromolecular units was at no time as compelling as it has 
become, for various reasons, during the last fifteen years. 

The modern era of extensive theoretical refinements and intensive experi- 
mental application of light scattering began in the early 40’s almost simul- 
taneously in three closely related fields. (a) The need to know more about 
the mechanism of growth and the rate of growth of polymer particles in 
synthetic latices and about the role of soap micelles in emulsion polymeriza- 
tion led to the application of light scattering to these systems on a large 
scale (2,3). This application was greatly aided by the conversion of classical 
equations into more attractive practical forms (3, 9). (b) At about the same 
time, large-scale experiments were carried out by LaMer (4) and collabora- 
tors with the aim of getting more information on the size of particles in 


1 The exploratory first part of this work (J. N. Epel) was supported by a grant 
from the Research Corporation; the later large scale investigations (R. M. Tabibian) 
were supported by the U.S. Office of Naval Research. 
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aerosols in an expansion of earlier work on aerosols by Engelhard and 
Friess (5), Paranjpe et al. (6), and Ruedy (7). (c) The successful application 
of light scattering to the determination of molecular weights of proteins (8) 
together with the new impetus given to the refinement of the theory pri- 
marily by Debye (9) and Zimm (10), led to extensive application of light 
scattering to solutions of macromolecular systems. 


1. Brief Survey of Theorves 


In the classical theory of light scattering in disperse systems, based upon 
the electrornagnetic theory of light, the scattering particles are considered 
as dipoles (11). This theory is limited to small a-values,? i.e., to particles 
which are small compared to the wavelength of the incident light. If @ is 
not small enough (a > 0.4), the particle (or macromolecule) may be con- 
sidered, instead, as an assembly of dipoles whose oscillations are out of 
phase. The treatment of this case is also relatively simple if it is assumed that 
the field exciting the dipoles is identical with the primary electromagnetic 
field which is equivalent to neglecting the contribution of the scattered field. 
This means, in practical terms, that a relative refractive index, m,’ ap- 
proaching 1.0 must be assumed. Rayleigh (12) and, independently, Gans 
(13) worked out the respective theory. The resulting equation is, therefore, 
generally referred to as the Rayleigh-Gans equation. The latter is, as will be 
shown in a later paper, quite satisfactory over an extended range of inter- 
mediate a-values which shrinks rapidly with increasing m. Equivalent to 
the Rayleigh-Gans theory and leading, for spheres, to the same numerical 
results is the very recent application by Debye of his earlier theory of X- 
ray scattering (14) to the case of light scattering (15). 

A more general treatment for spheres, also on the basis of the electro- 
magnetic theory, is that given by Mie in 1908 (16). It has the considerable 
advantage over the others in that it is applicable to any a and m. Here, 
each particle, considered as a dipole if small compared to the wavelength,* 
may be represented at larger a-values as an assembly of interdependent di- 
poles. This means that the excitation of each dipole is assumed to depend 
not only on the primary field but rather on the total field as affected by 
the excitation of other dipoles in the same assembly. As a increases, the 
increase in the number of dipoles leads successively to quadrupolar, octu- 
polar, and multipolar contributions to the total scattering. The considera- 
tion of the contributions of all these “partial waves,” both electric and 


* a = rD/x, where D is the diameter of the spheres and the wavelength of the 
incident light in the medium. 


3m = po/m1, Where pw is the refractive index of the particle and m that of the 
medium. 


= The results in this limiting case are identical with those of the first Rayleigh 
theory. 
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magnetic—together with the preceding element of rigorousness—makes 
the evaluation of the Mie equations quite laborious for any set of a and m 
parameters, more so the larger a and m. There have, therefore, been several 
attempts either to simplify the Mie treatment by means of approximations 
or to develop a simpler related treatment such that the limitations imposed 
upon m or a as implied in the Rayleigh, Rayleigh-Gans, or Debye treat- 
ment are less severe. Theoretical data are then obtained more easily for a 
far more extensive a or m range but at the cost of a reduction in accuracy 
within the ranges of approximate validity. Nevertheless, they are of major 
interest in a specific number of cases. Particularly noteworthy are the re- 
sults of Van de Hulst (17). One case which will be considered in detail 
elsewhere leads to acceptable approximate results which are applicable to 
small and moderately small m values and to both intermediate and larger 
a-values but not for smaller or very large a-values. Hart and Montroll 
(18) obtained equations the results of which agree with those of the Mie 
theory to 5% or even better for a fairly wide range of rather large interme- 
diate a-values but not for smaller or very large a-values. Considering the 
use of visible light, the upper limit of this intermediate a-range pertains to 
large microscopic particles. Far more serious is the fact that the a-values 
below which a useful application is excluded, correspond, according to our 
survey, to particle diameters of 495, 260, and 195 mu for m equal to 1.20, 
1.33, and 1.50, respectively, if the wavelength in vacuo \, = 5461 A. 
While all preceding treatments of light scattering are based upon assum- 
ing discrete particles, molecules, or segments thereof as a source of light 
scattering, an alternate approach also proved possible. It was proposed by 
Smoluchowski (19) and Einstein (20). Here, light scattering is treated as a 
phenomenon of fluctuations in density in the case of pure liquids and fluc- 
tuations of concentration in the case of liquid mixtures. Einstein’s brief 
approach to the latter case was carried out in detail by Raman (21) and by 
Gans (22) and, again, independently by Debye (9). The equations arrived 
at on the basis of the fluctuation theory opened to light scattering the wide 
field of pure liquids and simplified the treatment of solutions containing 
nonspherical solutes. On the other hand, it must be borne in mind that the 
respective equations apply only to instances where the relative refractive 
index of the solute does not differ appreciably from 1.0 and where the di- 
mensions of the solute particles are small compared to the wavelength used. 


2. Objectives of Present Investigation 


The primary objective of this investigation was to establish methods and 
procedures for the precise and accurate determination of particle sizes from 
light seattering considering, to begin with, spheres only. Since it was de- 
sired not to limit the method to particles of any particular size range or to 
particles of small relative refractive indices, the Mie equations had to be 
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used. Light-scattering functions on the basis of this theory had been calcu- 
lated for isolated values of the various parameters by Blumer and others 
(23, 24). Systematic computations were carried out only recently by A. N. 
Lowan and associates (25) and also by Houghton and Chalker (26) for 
relative refractive indices 1.33-2.0 and 1.33, respectively. These data are 
applicable to aerosols. Therefore, extensive computations had to be carried 
out in this laboratory for the range a = 0.2 to 15.0 and m = 1.05 to 1.30, 
which covers virtually all possible cases of nonabsorbing spheres dispersed 
in a liquid exclusive of the upper microscopic range only (diameters greater 
than 2 microns if visible light is used) (27). Values up to a = 6.0 were de- 
termined by Pangonis (28) using a desk calculator. Electronic calculations 
for the larger a-values were carried out by L. R. Langdon and H. J. Me- 
Carty of the Computation Laboratory of Wayne University.® While this 
work was proceeding additional extensive computations by Gumprecht 
and Sliepcevich (29), again primarily concerned with aerosols, became 
available. 

Implicit additional objectives of the present investigation were: (a) a 
rigorous experimental verification of the Mie theory, using for that purpose 
the electron microscope as an independent criterion of particle size,° and 
(b) a critical evaluation of the various possible sources of error in light- 
scattering measurements. The investigation covered measurements of (1) 
the total turbidity, (2) the total scattering at an angle of 90°, (3) the state 
of polarization of the laterally scattered radiation as expressed by depolari- 
zation and “scattering ratio,” (4) the turbidity spectra, and (5) the Tyndall 
spectra. The present paper will deal with the total turbidity. 


3. Definition of Turbidity 


The intensity of a beam of light passing through a solution or suspension 
is attenuated as a result of scattering. The fractional decrease in the in- 
tensity of the primary beam is, in analogy to the Lambert-Beer law: 


—dI/I = RN dz, [1] 


where FR is the total radiation scattered by a single particle per unit in- 
tensity of incident light,’ N is the number of particles per cubic centimeter 


° We are indebted to Professor A. Jacobson, Director of the Computation Labora- 
tory, for making its facilities generously available to us. We also wish to acknowledge 
the valuable theoretical assistance of Prof. A. F. Stevenson in problems of program- 
ming. 

6 This is not the first attempt to verify the Mie equations. However, it had never 
been possible before to work with systems that approach monodispersity as closely 
as desirable for such a check. In addition, in the case of gold or sulfur sols and other 
similar systems, uncertainties with respect to the complex refractive index exclude 
any rigorous comparison between experiment and theory. 

7 The quantity R which has the dimensions of cm? is also referred to as the scat- 


tering cross-section and R/zr?, where r is the radius of the sphere, as the scattering 
coefficient. 
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in a system sufficiently dilute to exclude significant multiple scattering, 
and z is the length of the light path in the scattering solution. Integration 
yields 

I/TIp = € *™*, [2] 


The product RN is equivalent to the “apparent”’ or ‘conservative’? (30) 
absorption coefficient per centimeter of light path and is generally called 
the turbidity 7. Therefore 


7 = In (1)/I)/z. [3] 


The specific turbidity is obtained by dividing r by the total volume of 
all the spheres in 1 ¢.c., i.e., by their volume fraction ¢. For practical pur- 
poses, it is more useful to express the concentration on a weight basis, i.e., 


t/c’ = (r/)(p12/pe), [4] 


where c’ is the weight, in grams, of the scattering particles per gram of dis- 
perse system and p; and py are the density of the particles and entire 
system, respectively. Considering for reasons of experimental convenience, 
rather 1400 of r/c’ 


r/e = 400 (t/¢’) = Moo (7/¢)(p12/p2), [5] 


where c is now the concentration in grams per 100 grams of disperse system. 
To eliminate interference of multiple scattering the experimental spe- 
_cific turbidity, measured at finite concentrations, must be extrapolated to 
zero concentration. The quantity of primary interest is therefore the limit- 
ing specific turbidity. 


(r/¢e)o = lim (7/c). [6] 


This is the quantity to be compared with the theoretical specific turbidity 
derived from the Mie equations for the particular wavelength used and the 
pertinent m-values. 

4. APPARATUS 

The measurements were carried out with a precision apparatus designed 
in this laboratory (31). Since it is to be described in detail in a forthcoming 
publication, it will be sufficient to point out a few of those features which 
are particularly pertinent to a discussion of the results given here. A sche- 
matic diagram is shown in Fig. 1, in which features pertinent to measure- 
ments of angular light scattering have been omitted. The apparatus con- 
sists of three main sections: the illuminating unit I, the monochromator II, 
and the scattering unit III. 

The illuminating unit contains interchangeably a mercury vapor lamp, 
type AH-4, or a tungsten ribbon filament lamp. The work reported here was 
carried out exclusively with the former. After passing through the mono- 
chromator and prior to entering the scattering unit, the light beam traverses 
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the compensator C’ which compensates for the partial polarization produced 

_by. the constant deviation prism in the monochromator and by the re- 
flecting glass plate R. Two 10-cm. cylindrical absorption cells with corex 
windows are used for the scattering system and reference liquid (here 
water), respectively. These are mounted on a special carriage which is de- 
signed to. bring the two cells alternately into the light path. In order to 
prevent secondary scattering from reaching the phototube, the scattering 
cell (i.e., the cell containing the scattering system) is painted black and a 
diaphragm D, placed at the exit window. 

The primary beam entering the scattering cell assembly SC at A; is 
characterized by a solid angle of 1 X 10 steradian. Translating this into 
a quantity which can be more easily visualized, the vertex of the planar 
projection of the light cone has a half-angle of 0.33 degree. Hereafter when 


Ss F L, Lo Sh A, L3 0, 


[= PT, 


ms oe 1. Schematic diagram of the light scattering apparatus. S light source, F in- 
i are aoe L lenses, Sh shutter, A variable apertures, D fixed diaphragms, P con- 
stant deviation prism, C compensator, R reflector plate, SC scattering cell assembly 
PT phototube positions, # detachable extension. . 
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referring to the solid angle, this vertex angle will be used for the sake of 
convenience. Thus, the primary beam entering the scattering cell is nearly 
parallel. This is of paramount importance in the case of large particles where 
forward scattering is appreciable. 

The primary beam on leaving the scattering cell is superimposed by a 
scattered beam. The reduction and definition of the solid angle of the latter 
beam are of considerable importance, as will be seen in the following paper. 
This is accomplished by inserting a diaphragm D, in front of the photomulti- 
plier tube. For particularly rigorous work this diaphragm is preceded by a 
narrower diaphragm D; yielding the smallest solid angle used. By shifting 
the photomultiplier tube and D; to P T’, additional variations of the solid 
_ angle become possible. Its smallest and largest values, expressing them in 
_ terms of one-half the vertex angle, are 0.4 to 8.2 degrees. The value pertinent 
_ to the results reported below is 1.0 degree.* This is obtained by placing the 
_ phototube in the PT’ position and omitting D;. The distance between the 
phototube and scattering cell is 29 cm. 
® The photomultiplier tube can be protected from high light intensities 
by placing a neutral gray filter either directly in front of the phototube or 
in a holder at the exit end of the water-filled reference cell. 

A multiplier photometer model 520M manufactured by the Photovolt 
Corporation, New York City, is used for the measurements. This is a line 
operated instrument utilizing an IP21 photomultiplier tube. 


5. EXPERIMENTAL PROCEDURE 


In order to verify the Mie theory it was necessary to have particles which 
were both spherical and as uniform in size as possible. Fairly monodisperse 
polystyrene and polyvinyltoluene latices provided by the Plastics Basic 
Research and Physics Division of the Dow Chemical Company? came closest 
to fulfilling these conditions and, hence, were used as model systems. An 
additional advantage of these substances was that they exhibited no ab- - 
sorption in the visible portion of the spectrum. 

Verification of data obtained from the Mie theory presupposed the use 
of an independent, alternate method of comparative size determination. 
Electron microscopy was the alternate method chosen. Independent elec- 
ton microscopic size determinations were carried out by Dr. J. H. L. Wat- 
son of the Edsel B. Ford Institute for Medical Research and Dr. E. B. Brad- 
ford of the Dow Chemical Company. The results of their studies are shown’ 
in Table I. The Bradford values reported under I as well as those reported by 
Watson were obtained by standard electron microscopic techniques. The 


8 It will be seen later that this angle is small enough so as not to affect the (r/c)p 


values. 
* In this respect we are indebted to Drs. R. 8S. Spencer, F. E. Towsley, and par- 
ticularly J. W. Vanderhoff of the Dow Chemical Company. 
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TABLE I 
Particle Sizes of Latices from Electron Microscopy 
E. B. Bradford J. H. L. Watson 

ee 
Sample No. Average Diameter, mp Standard Average Standard 

Vie ee ees ere ee Deviation, Diameter, Deviation, 

st II my pare mye 

S-153* 45 = = 65 8 
41 119 120 4 — —_ 
39 132 134 2 = = 
S-138* 135 a a 155 16 
40 144 144 4 — — 
S-139* 150 = = 180 20 
42 177 163 4 = _— 
§-151* 219 = = 258 10 
7065* 252 238 35 263 36 
2023* 230 249 9 218 8 
§-137* 223 = = 260 il7/ 
2022* 254 == 10 258 9 
580G* 259 = = 289 7 
7194* 275 271 AT 299 57 
6 304 _— 7h — a 
2012 = 381 = 373 11 
43B 439 445 6 
44A 470 492 5 
063-A* — 557 nas 
43C 535 558 9 
44B 595 620 7 
066-A* == 814 ees 
44C 770 824 ll 


* Starred samples are polystyrene; all others are polyvinyltoluene. 


Bradford values II are very recent determinations or redeterminations by 
means of a precision technique involving the deposition of particles on a 
silica replica grating, thereby resulting in an internally calibrated micro- 
graph. All the Watson values and eight of the Bradford values I were ob- 
tained by numerical analysis of the electron micrographs in this laboratory. 
All other counts were carried out at the Dow Laboratories. The differences 
between the three sets of electron microscopic values are in some instances 
appreciable. Possible reasons for such variations have been discussed by 
Watson (32). Among the various causes, that due to calibration uncertain- 
ties is eliminated by the technique of internal calibration (Bradford IT). It 
may be noted that the data in the 2nd and 5th columns are those used in a 
preceding note (33). 

The latex samples as received contained 30-50 % solids. The preparation 
of diluted latex for the light-scattering measurements was carried out in the 
following manner. A small amount of latex was diluted with freshly prepared 
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double distilled water in a centrifuge bottle of 250-ml. capacity to reduce 
the concentration to about 0.5-1.0 %. The diluted latex was then centrifuged 
at about 350 g for 20 minutes to remove any agglomerates that might have 
been present. One hundred milliliters of the supernatant suspension were 
pipetted into a flask. The polymer concentration was determined by ac- 
curately weighing out (to 0.1 mg.) about 25 g. of this suspension and 
evaporating it to dryness in a partial vacuum at 80° and then weighing the 
dried solids. A series of dilutions was made volumetrically from the re- 
mainder of the centrifuged latex by adding double distilled water to por- 
tions measured with a 10-ml. burette into volumetric flasks. The volume 
additivity, verified in these systems, allowed the concentration to be ex- 
pressed in grams per 100 g. for any of the diluted samples obtained. 

These samples were kept in pyrex glassware which had been carefully 
cleansed and subsequently steamed out for several minutes. To safeguard 
against any changes taking place in the samples upon prolonged standing at 
room temperature, all measurements were made within 3 days of the time 
when they were first prepared. 

Experimentally, the turbidity is determined by filling one cell with the 
latex suspension and the other with doubly distilled water. Consecutive 
measurements of the intensity of light passing through the cell containing 
distilled water, Zo, and that passing through the latex, 7, permit a direct 
calculation of 7 and r/c at a given concentration. The measurements are 
carried out for systematically varied values of the concentration in order 
to arrive, by extrapolation, at the significant quantity (7/c)p. 

All measurements of the turbidity reported here were made at room 
temperature (25°C. + 3°) using the mercury green line (Aj = 5461 A.). 
Measurements at other wavelengths will be reported later in connection 
with turbidity spectra. 

The transmittance of the two matched ‘“‘Beckman”’ cells was found to be 
not strictly identical and to vary in a nonsystematic fashion with time."! 
The resulting potential error, although very small, was eliminated by fre- 
quent calibrations of the cells. 


6. EXPERIMENTAL RESULTS 


Figures 2 and 3 show the variation of the turbidity with concentration 
for polyvinyltoluene and polystyrene, respectively. In all instances the data 
fall fairly well onto the straight lines drawn, i.e., 7 is very nearly propor- 
tional to c within the concentration range investigated. On the assumption 


10 The nonpolymeric percentage of the dried solids was negligible as verified by 
centrifuging out the polymer from a latex and evaporating the supernatant liquid 


to dryness. 
11 This was found to be due to a very thin polymer deposit on the faces of the cell. 


This was removed periodically. 
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Fra. 2. Concentration dependence of turbidity (polyvinyltoluene). Parameter: 
particle diameter in millimicrons (Bradford II). 


of a strict linearity of the 7 vs. ¢ plots” the slopes of these lines would be 
identical to the limiting specific turbidity, (7/c)o.8 A related but more 


rigorous procedure for obtaining (7/c)o is the plotting of r/c vs. ¢ and extra- — 


2 At higher concentrations, pronounced deviations from the straight lines are to 
be expected but this range was not explored as not being of interest to the immediate 
purpose. 

‘The data for D = 238 and 249 millimicrons depart from the general pattern of 
an increase in slope with D which is theoretically necessary within the range of 
a-values investigated. This must be attributed to an accidental interchange of elec- 
tron microscopic specimens or of data obtained therefrom. A conclusive check was 
impossible owing to lack of material. This explanation is supported by the fact that 
two sets of earlier electron microscopic data (Bradford I and Watson) in Table I 
give the expected opposite sequence for the D-values. 


= yey 
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Fie. 3. Concentration dependence of turbidity (polystyrene). Parameter: 
particle diameter in millimicrons (Bradford II). 


polation of the straight lines thus obtained to zero concentration. A few exam- 
ples are given in Fig. 4 for intermediate particle sizes. The three uppermost 
curves have a slightly negative slope which is also found with still larger 
particles. This indicates that the range of concentrations within which 
t/c is strictly proportional to ¢ is more limited the larger the particle 
size. This is in agreement with expectation since deviations from linearity 
expected at larger concentrations are due to multiple scattering which, at a 
given concentration, is stronger the larger the particle size. 

Typical numerical data for a latex with rather small particle size and 
for another with large particle size are given in Table II. 

The scattering of the r/c values, small as it is, is due to uncertainties in 
r as well as in c. Plots of the type of Fig. 4 allow a fairly good evaluation 
of the overall precision obtainable in such measurements. The deviation of 
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Fia. 4. Concentration dependence of the specific turbidity O: Polyvinyltoluene; 
@: Polystyrene; Parameter: particle diameter in millimicrons. (Bradford II). 


the individual points from the lines is, at the worst, 2% and in most cases 
less than 1%. The precision of the (r/c)o values is therefore better than 1% 
throughout. Consequently, the precision of the particle diameters, calcu- 
lated from (7/c)o, is better than 0.33 % throughout. This defines the normal 
precision for properly conducted turbidimetric particle size determinations 
with properly constructed equipment. In four instances a check was carried 
out on the reproducibility of data by repeating after widely spaced periods 
of time all operations, i.e., samples were taken from the same stock latices,“ 
in one case as much as two years later, and in each instance the concentra- 
tion and optical properties were determined independently. The maximum 


14 These were kept in a refrigerator at all times. 
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TABLE ITI 
Data Illustrating the Dependence of r/c on Concentration 
(Polyvinyltoluene latices) 


Sample No. c* & 103 7(cm.~1) t/¢ 
42 (diameter: 163 my) 0.000 0.000 (62.7)® 
0.9536 0.05944 62.33 
1.907 0.1192 62.51 
2.861 0.1792 62.64 
3.814 0.2398 62.87 
4.768 0.2977 62.44 
5.722 0.3569 62.37 
7.629 0.4737 62.09 
9.536 0.5934 62.23 
44C (diameter: 824 my) 0.000 0.000 (397)? 
0.3420 0.1355 396.2 
0.6840 0.2716 397.1 
1.026 0.4118 401.4 
1.368 0.5424 396.5 
1.710 0.6775 396.2 
2.052 0.8129 396.2 
* Grams of solids per 100 g. of latex. 
® (r/c)o. 


deviation from the mean (r7/c)o did not exceed 1.5%. Included in this are 
deviations due to conceivable minute changes in these latices which were, 
_on the whole, remarkably stable at ~5°C. 


7. COMPARISON OF RESULTS WITH THEORY 


In order to make an accurate comparison of experimental results and 
theory, m and p2 have to be known. A separate study carried out in this 
laboratory by Thomas L. Pugh (34) furnished those data. The density p» 
for polystyrene and polyvinyltoluene is 1.057 and 1.026 g./c.c., respectively, 
at 25.0°C. The relative refractive index, m, against water for \) = 5461 A. 
is 1.199 and 1.188, respectively (35). With these and the electron micro- 
scopic data at hand, a conclusive comparison became possible." 

The solid lines in Figs. 5 and 6 represent the theoretical (7/c)> vs. diam- 
eter (D) curves obtained for the case of polystyrene and polyvinyltoluene 
at Ao = 5461 A. on the basis of the theoretical (r/c)o vs. a relationship de- 


16 The polymer particles contain a surface film of stabilizer. This has two con- 
ceivable effects. First, it would make the optically effective particles slightly larger 
than the polymer spheres. This difference, being larger the smaller the particle size, 
does not enter here since the electron microscopic diameter includes the surface film. 
Secondly, the refractive index of the surface layer is slightly lower than that of the 
latex particle, thus reducing the m value. Since the experimentally determined m 
value was also pertinent to the surface-coated polymer particles, this effect also is 


eliminated. 
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Fic. 5. Variation of the limiting specific turbidity with particle diameter 
(polystyrene) (Bradford II diameters). 


rived from the Mie theory (36) taking into account the respective values of 
m and p» given above. The experimental data indicated by circles, using the 
Bradford II values for D, fit the theoretical curve very well in the case of 
polystyrene, the deviations being more in the nature of scattering rather 
than systematic. In the case of polyvinyltoluene the experimental points are 
throughout somewhat below the theoretical curve, more so the larger the 
diameter. The dotted theoretical curve, however, fits the data very well. 
This curve was calculated assuming an m value of 1.185. It is, therefore, in- 
viting to assume that the small discrepancy between the experimental 
data and the fully drawn theoretical curve (m = 1.188) is due here to an 
error to the extent of 0.25 % in the determination of the refractive index of 


the polymer (34). This is within the limit of uncertainty in those experi- 
ments.16 


'6 The effect of a change in m of as little as 0.003 shows the extreme importance of 
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Fig. 6. Variation of the limiting specific turbidity with particle diameter 
(polyvinyltoluene) (Bradford II diameters). 


A more exacting numerical comparison of the particle diameters obtained 
from hght scattering by means of the Mie theory and those obtained by 
electron microscopy is given in Tables III and IV. The former were obtained 
by converting the experimental (7/c)y values to particle diameters by means 
of the pertinent theoretical (7/c)) vs. D curves. The per cent deviations 
given in the 5th and 7th and in the 5th columns, respectively, of these 
tables are rather small considering that they are affected by both the un- 


accurate refractive index measurements if full advantage is to be taken of the pre- 
cision inherent in turbidity measurements as defined above. While the accuracy of 
m-determinations as approximately defined above is the best obtainable with inter- 
ferometric data in view of the necessity of a double extrapolation to both zero con- 
centration and zero scattering, the latter requirement can henceforth be eliminated 
by a theoretical aid promising an appreciable increase in accuracy of m-values. This 
will be discussed fully in a later paper. 
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TABLE III 
Comparison of Particle Diameters from Turbidity, Do, and Electron Microscopy, De 
(Polyvinyltoluene) 
as ee B en II ae ae 88 Bene Desecier meee 
4\ 2259 120 112 —6.7 112 —6.7 
39 37.0 134 137 2.2 138 3.0 
40 42.7 144 146 1.4 149 3.5 
42 62.7 163 176 8.0 182 11.6 
6 1597 304° —= — — _— 
2012 204 381 372 —2.4 382 0.3 
43B 246 445 432 —2.9 447 0.4 
444 269 492 469 —4.7 485 —1.4 
43C 310 558 540 —3.2 558 0.0 
44B 331 620 583 —6.0 610 —1.6 
44C 397 824 772 —6.3 -- ~ 
2 Data obtained by T. L. Pugh. 
> Bradford value I. 
TABLE IV 


Comparison of Particle Diameters from Turbidity, Do, and Electron Microscopy, 
D,. (Polystyrene) 


Sample (r/c)o Do(mpz) voue 
No. (cm.~!) D.(mz) m = 1.199 Deviation 
$-153 5.1 452 63 40.0 
$-138 49.4 1357 149 10.4 
8-139 59.0 150 163 8.7 
8-151 104.2 2192 224 2.3 
S-137 110.9 223 233 4.5 
2023 109.4 249 231 —7.2 
7065 126.0 238 252 5.9 
2022 113.0 2544 236 —7.1 
580G 126.0 259 252 —2.7 
7194 158 271 290 7.0 
068A 331° 557 538 —3.4 
066A 422 814 765 —6.0 


2 Bradford values I; all others are Bradford values II. 
> Data obtained by T. L. Pugh. 


certainties in the specific turbidities from light scattering defined in the 
preceding section and the far larger uncertainties involved in electron 
microscopy. 

It is quite apparent that the experiments described here can be considered 
as a conclusive proof of the validity of the Mie theory. Strictly speaking 
this statement applies thus far only to the a-range covered here experi- 
mentally, i.e., to diameters up to approximately 1 micron on using the 
green Hg-line. There is no doubt, however, that the statement can be 
generalized to cover any larger a-values. Not settled yet, however, is the 
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question as to whether or not turbidity data obtained experimentally at 
still larger a-values are reliable, primarily because of additional experi- 
mental difficulties. In a few preliminary exploratory experiments with 
latices containing large microscopic spheres greater than 1 micron, (r/c)o 
values lower than those expected were obtained. 

Because of the widespread use of the Rayleigh-Gans theory for particle 
size determinations, it is of interest to compare the experimental data also 
with the theoretical data derived from this theory. The respective turbidity 
function, evaluated for \> = 5461 A., 


(r/c)o = [(1.4389 X 10?) /(c)|(m? — 1)2f(m’) [7] 


contains the a-dependent quantity {(m’) which thus far had been evaluated 
numerically only by Rayleigh (12). Additional f(m’) values were calculated 
primarily in order to extend the a-range which had terminated at the value 
of 4.32. They are given together with the Rayleigh values (the latter are 
identified by asterisks) in Table V. The theoretical turbidity curve thus 
obtained is dotted in Fig. 5. It is clear that the experimental data in Fig. 5 
deviate appreciably from this alternate theoretical turbidity curve. The 
minimum deviation of the turbidity is, with the exception of a very narrow 


TABLE V 

Values of f(m') (Eq. [7)) 

a f(m') 
x/8 0.0530* 
0.4 0.0569 
OF6D a 0.2666 
x/4 0.7097* 
0.8 0.7570 
1.0 1.6180 
3 1/8 2.718* 
x/2 6.1077* 
1.6 6.4027 
5. «/8 10.534* 
2.0 10.999 
3 2/4 16.156* 
2.6 20.470 
7 x/8 23 .448* 
i 32.336* 
9 +/8 42 .382* 
3.6 44.159 
5 3/4 53.477* 
4.0 55.683 
11 7/8 65.958* 
5.0 90.915 
8.0 244.92 
10.0 388 . 00 


* Calculated by Rayleigh. 
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a-range of +0.2 centered at a = 2.6, in excess of 5% and increases beyond 
20 % at a-values of less than 0.8 and more than 4.5. The use of the Rayleigh- 
Gans equation and of the equivalent Debye equation (37) must therefore 
be confined to the proper m-range and, in addition, to the proper a-range if 
useful data are to be obtained. A quantitative definition of these ranges 
will be given in a forthcoming paper. 


SuMMARY 


Specific turbidities were measured on 23 nearly monodisperse polystyrene 
and polyvinyltoluene latices containing rigid spherical particles. The uni- 
form diameters varied systematically from 45 to 824 millimicrons. The 
particle diameters calculated from the turbidity data by means of the Mie 
theory agreed so well with electron microscopic diameters that the results 
can be regarded as a conclusive proof of the Mie theory. A precision appara- 
tus and the general experimental technique are described which allow one to 
determine particle diameters with a precision of better than 0.33 %, which 
far exceeds the precision obtainable with the electron microscope. It 1s 
shown that the refractive index of the scattering spheres must be deter- 
mined very exactly in order to obtain, in addition, highly accurate particle 
diameters. Evaluation of the turbidity data by means of the Rayleigh- 
Gans theory shows that it can give quantitatively significant particle diam- 
eters only for a very limited size range if the relative refractive index is 
near 1.2. 
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INTRODUCTION 


The frequency and temperature dependences of viscoelasticity of high 
polymers are of practical as well as theoretical interest. 

The relaxation spectra of amorphous and plasticized high polymers dif- 
fer more or less from those of highly oriented crystalline polymers, such as 
cellulosic materials, particularly on the long-time side (1). The spectra of 
oriented crystalline polymers are very great, and little subject to the time 
scale, whereas those of typical amorphous polymers are small at long times 
and become greater with the shortening of the relaxation time from about 1 
second, until they approach almost the same order of magnitude as those 
of oriented crystalline polymers at around 10~7 to 10-* second. In this re- 
gion, therefore, the elastic dispersion with respect to frequency can be ob- 
served on amorphous polymers (2). 

Low temperatures produce the same state of affairs as high frequencies, 
changing amorphous polymers from the rubbery to the glassy state. Thus 
the dispersion with respect to temperature occurs in the vicinity of the glass 
temperature (3, 4). 

Other high polymers show intermediate behaviors between these two 
extremes, and the relaxation time at which the maximum of the spectrum 
appears shifts to the long-time side to some extent in accordance with the 
nature of the polymer. 

These two dispersions, ‘frequency dispersion” and ‘“‘temperature dis- 
persion,” are quite similar to each other, suggesting that there exists some 
intimate relationship between them. The quantitative discussion of such 
relationships must be made on the basis of the experimental data obtained 
for a given material by varying extensively both the frequency and tempera- 
ture, but the available data on this are very scanty at present. 

This paper is concerned with the application of the recently proposed 
general law relating to the time scale and temperature for the viscoelastic 
behavior in amorphous polymeric systems. From the experimental curves of 
the dynamic response as a function of temperature at a given frequency, 
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the response as a function of frequency at a specified temperature can be 
computed. This is done by making an assumption concerning the relaxa- 
tion spectrum and thereby obtaining the “characteristic temperature”’ 
for the material. 

This procedure has been tested by means of the data of the dynamic 
experiments on two types of polyvinylidene-vinyl chloride copolymer; it 
has also been tested with the published data on polyvinyl chloride-dimethy] 
thianthrene. Between the computed and the measured value good agree- 
ment is obtained in the former case, and excellent agreement in the second. 


REDUCTION OF VARIABLE-TEMPERATURE Data TO VARIABLE-FREQUENCY 
Data 


As mentioned by Ferry and Fitzgerald (5), the assumption that all 
relaxation times depend identically on temperature is supported by nu- 
merous data on various linear polymers. According to these authors, the 
customary exponential expression between the relaxation time and the 
absolute temperature with a constant activation energy is not valid, but 
the following algebraic one is fit to describe quite well the temperature 
dependence in various substances, such as a wide variety of polymers, 
polymer solutions, organic glass-forming liquids, and inorganic glasses 


(6, 7): 
log ay = —c(T a T)/(e2 a! bias ie); [1] 


where ar represents the ratio of any relaxation time at temperature T to 
its value at a reference temperature 7’, which is suitably chosen for each 
system and lies about 50°C. above the glass transition temperature; c, and 
Co are the universal constants and found to be 8.86 and 102. 

Employing this, the relaxation time r at temperature 7’ can be given by 


log 7 = log 7, — «(Tf — T3)/( + T — T,), 2] 


where 7, is the value of 7 at 7’,. When one uses any other reference tem- 
perature 7’) than the characteristic temperature T,, 7 must be given by the 
following equation in terms of 7 and the corresponding relaxation time 


To: 
log r = log 7 — aee(T — To)/(a2 + T — T.)(2 + To — 7). [3] 


Accordingly, the real and imaginary parts of the complex dynamic 


' modulus and some other dynamic properties measured in variable-tempera- 


ture experiments at a given frequency v can be reduced to the variable- 
frequency data at a specified temperature 7’) by plotting them against the 


following “reduced frequency” v: 


log »v = log » — ee2(T — To)/(2 + T — T.)(e2 + To — Ts). [4] 
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In reverse, of course, the variable-frequency data can also be reduced to 
the variable-temperature data. 

Moreover, in performing this reduction, it is possible to determine the 
distribution of relaxation times from the variable-temperature dynamic 
data as well as from the variable-frequency data. 

. Thus, for instance, the frequency dispersion can be predicted from the 
temperature dispersion, and so far as the above algebraic expression for the 
temperature dependence of 7 is valid, the predicted dispersion should be 
the same as the actual one obtainable from variable-frequency experi- 
ments. 

_-For practical performance of these reduction processes it is required that 
the characteristic temperature 7’, be known. It can suitably be chosen from 


the shift factor a7 as a function of temperature, which can be determined ~ 


from the experimental results of the frequency dependences of the complex 
dynamic modulus and some other viscoelastic properties at various tempera- 
tures. As will be shown later, 7’; can also be determined from the experi- 
mental curves of the real and imaginary parts of the complex dynamic 
modulus as a function of temperature at a given frequency, though only 
approximate. 


EXPERIMENTAL METHODS 


The real and imaginary parts of the complex dynamic modulus, EH’ and 
E”, of two kinds of commercial polyvinylidene-vinyl chloride fiber of 250 
deniers, one of which (1) contains only plasticizer while the other (2) con- 
tains plasticizer and pigment, were measured by means of the vibrating 
reed method at constant frequency (100 -: 2 cycles per second) and over a 
temperature range from —20° to 80°C. In addition to this, the frequency 
dependence of E’ of the fiber 1 was measured with the same method at 
various temperatures from —12 to 42°C. and over a frequency range from 
about 20 to 120 cycles per second. The details of the apparatus and measur- 
ing techniques have been described elsewhere (8-10), and the vibrator, in 
the present case, was set in the thermostat to perform the experiments at 
constant temperature. 

The variable-frequency experiments at constant temperature were car- 
ried out quite independent of the experiments on variable-temperature de- 
scribed above, by employing four experimental methods according to the 
frequency range.’ In the frequency range from about 0.2 to 10 cycles per 
second, the free damping oscillation method was employed; from 50 to 220 
cycles per second, the stretch-vibrometer similar to that of Lyons (11); from 
1 to 5 ke., the longitudinal-wave resonance, and in higher range, the longi- 
' tudinal-wave transmission method originating from Nolle (12, 13) were 


These experiments were performed by courtesy of Assistant Professor H. Kawai 
of the Department. 
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used, respectively. The details of the apparatus and measuring techniques 
have also been described elsewhere (1). 


RESULTS 


The real and imaginary parts of the complex dynamic modulus, EZ’ and 
E”, of the polyvinylidene-vinyl chloride fiber 1 and 2 obtained by the 
variable-temperature experiments are plotted against the reciprocal abso- 
lute temperature x '(=1/T) in Figs. 1 and 2, respectively. These results 
show typical temperature dispersions over the temperature range about 
—20 to 60°C., and the maximum values of E” for these samples are found 
at 14.4 and 7.9°C., respectively. 

Figure 3 shows the frequency dependence of E’ of the fiber 1 at various 
temperatures. Shifting each curve in the figure along the abscissa by a 
suitable distance, which corresponds to log a7, a composite curve referred 
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Fra. 1. E’ and E” vs. reciprocal absolute temperature for polyvinylidene-viny] 
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Fie. 2. H’ and #” vs. reciprocal absolute temperature for polyvinylidene-vinyl 
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to a specified temperature can be obtained. Figure 4 shows such a composite 
curve referred to 23°C., and in Fig. 5 the evaluated values? of log ar are 
plotted (with open circles) against temperature in contrast with those cal- 
culated from Eq. [1] with assuming 7’, = 312 (solid circles and curve). Good 
agreement can be seen between them. The results of the variable-frequency 
experiments for the fiber 1 at 23.5°C. are dotted in Fig. 6. The values of E’ 
and E” disperse over the whole frequency range covered, and the maximum 
value of the latter appears at around 3 ke. 


° The value for 3°C, is not certain but rather arbitrary. 
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Fig. 3. Frequency dependence of E’ for polyvinylidene-viny] chloride fiber 1 at nine 
temperatures as indicated. 
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DISCUSSION 


It is found at once from Figs. 1 and 6 that the maximum values of E” 
of the polyvinylidene-vinyl chloride fiber 1 measured by the variable-fre- 
quency and variable-temperature experiments are quite equal. Moreover, 
it seems that the limiting values of H’ at both sufficiently high frequency and 
low temperature are also equal. Such a special feature can also be found 
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Fig. 5. Logarithm of reduction factor ar plotted against temperature (open circles, 
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in the dynamic data on the polyvinyl chloride-dimethyl thianthrené’ gel 
(10% PVC by volume) obtained by Fitzgerald and Ferry (14), who carried 
out dynamic measurements with the electromagnetic transducer method 
in the frequency range of about 30 to 5000 cycles per second and at — 23.55 
to 25.00°C. In Fig. 7, the real and imaginary parts of the complex dynamic 
shear modulus, G’ and G”, at 200 cycles per second are plotted against zx, 
and in Fig. 8, those measured by varying the frequency at —0.2°C. are dotted. 
The maximum values of G” in these data are quite equal to each other. 

So far as these substances are concerned, therefore, it seems proper to 
consider that the height of the relaxation spectrum in the frequency-disper- 
sion region is independent of temperature. The only remarkable difference 
between both the dispersions is that the temperature dispersion takes place 
rather sharply over a comparatively narrow temperature range, whereas 
the frequency dispersion takes place gradually over an extensively wide 
range of frequency. And it is very significant to ascertain whether the two 
dispersions are reducible to each other according to Eq. [4] or not. 

The two pairs of solid and dashed curves in Fig. 6 show the results of 
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temperature data in Fig. 7). 


reduction of the temperature dependences of EH’ and E” for the polyvinyli- 
dene-viny] chloride fiber 1 shown in Fig. 1 according to Kq. [4]. The reference 
frequency v in this case is 100 cycles per second, and the reference tempera- 
ture 7p is 296.5°K. The solid curves in the figure show the results of reduc- 
tion with 7, = 305, which is calculated from Eq. [5] mentioned below with 
the assumption of a wide box distribution, while the dashed curves repre- 
sent the results reduced with 7’, = 312, which has been determined from 
ar shown in Fig. 5. As mentioned above, the dots in the figure show the 
results of the variable-frequency experiments at 23.5°C. (= To). 

The above value of 7’, of 305 was calculated from the variable-tempera- 
ture data according to the following equation: 


2.303c, Co Ey on 
l LAs [5] 


im 


T; =@— 


This can be derived by assuming for the complex dynamic modulus the box 
distribution of relaxation times and the above-mentioned temperature de- 
pendence of 7, namely, Eq [1]. Then, H’ and EH” can be given as a function 
of temperature as follows: 


ood) 
l+wrne! 
1 + wr, ers (a) ? 


E” = Ej(tan orm” — tan ‘wr, ee [6d] 


Hl = By +'In [6a] 
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where E, is the static modulus, Ey is the height of the box distribution as- 
sumed, Ts and rms are, respectively, the lower and the upper limits of the 
distribution at 7’, and f(x) is given from Kq. [1] as follows: 


$@) = —2.308e(P Epo. +12. — 7) 
= —2.308a(1 — T.x)/[1 + (ce — T,)a]. 


E” has a maximum value, 


[7] 


Tv 


Bee = 5 Eo Gas > T 1s) 5 [8] 


at reciprocal temperature x, which satisfies 
f (tm) = ss 
e = & !(TmeTiny t?. [9| 


On the other hand, the slope of the tangent of the H’ — «x curve at 
Xm, M, 1S given as 


Eof’(x) (Gras > Tis) 
= HA 6 (Gin) de [10] 
2.303 C02Ho/[1 ie (ce —— Titles 


3 
I 


I 


where £# is the gas constant and AH,(x) is the apparent activation energy 
for the relaxation processes. This results immediately into Eq. [5]. The 
-above value of 7’, of 305 is obtained by using 


Ba( Z pee) = 1.43 x 10°, 


es 
m = 347 X10", and am = 3.48 X 10°. 


Leaving the subject of the derivation of Eq. [5] and turning back to Fig. 
6, it is to be noticed that both the solid and dashed curves agree fairly well 
with the variable-frequency data in the whole frequency range covered, 
with the exception of small difference in E’ and EH” at the low and high 
frequency ends, respectively. The lower 7’, in general, the sharper the re- 
duced curve becomes, and therefore the solid curve is sharper than the 
dashed one. But the difference is rather small and the former agrees with 
the measured values as well as the latter. 

With the assumption of a single relaxation time instead of the above box 
distribution, one obtains Eq. [5] with m replaced by 2m. In this case Kp is 
given as 2Emax, and 7’, is found to be 284°K. This value is too small to 
yield good agreement. It appears that the sharper the relaxation spectrum, 
the smaller the calculated value of 7’, is, and that the value of 7’, calculated 
from Eq. [5] is always somewhat smaller than the true one, since the actual 
spectrum is always broader than the box distribution assumed. But it is 
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much better to assume a box distribution than to assume a single relaxation 
time. Thus, we cannot expect the correct value of 7’, from Eq. [5], but when 
we have the variable-temperature data alone and no available data concern- 
ing the shift factor ar, Eq. [5] is very useful to calculate 7’, and hence to re- 
duce the data to the variable-frequency data. 

The same state of affairs as mentioned above can be found in the case 
of PVC-DMT gel mentioned above. The value of 7’, calculated from Eq. 
[5] is 288, whereas that reported in Ref. 6 is 293. Here again the calculated 
value is smaller by 5°, but the results of reduction do not differ so much. 

The two curves in Fig. 8 show the results of reduction of the temperature 
dependences of G’ and @” shown in Fig. 7. The values 7p, 7';, and v in this 
case are, respectively, 272.8°K. (—0.2°C.), 293°K, and 200 cycles per 
second. Here again the dots in the figure show the values of G’ and G” meas- 
ured actually at —0.2°C. by varying the frequency. They lie almost on the 
corresponding curves, showing that the frequency dispersion predicted 
from the temperature dispersion coincides quite well with the actual one, 
and that the above algebraic expressions for the temperature dependence of 
7 and for the reduced frequency are valid. 


SUMMARY 


The real and imaginary parts of the complex dynamic modulus of two 
kinds of commercial polyvinylidene-viny] chloride fiber have been meas- 
ured by means of several measuring methods at —20° to 80°C. over the 
frequency range 0.2 to 10° cycles per second. Both the variable-temperature 
and variable-frequency data show typical dispersions in the experimental — 
ranges covered, being similar to each other. 

By employing the algebraic expression for the temperature dependence 
of the relaxation time given by Ferry and his schools, the variable-tempera- 
ture data can be reduced to the variable-frequency data, and vice versa. 
For polyvinylidene-vinyl chloride fiber and PVC-DMT gel, the frequency 
dispersion predicted from the temperature dispersion exhibits its agreement 
with the actual case. 
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INTRODUCTION 


It is the purpose of the present study to correlate the characteristic 
structure of concentrated solutions of a linear polyelectrolyte with meas- 
urements of spinnability and non-Newtonian viscosity. Although a number 
of investigations have recently been made of polymers carrying electric 
charges, they have mainly been confined to dilute solutions and gels, with 
particular interest in clarifying the effects of charges on the shape and 
size of coiled molecules by means of the statistical treatment. Concentrated 
solutions of polyelectrolytes have attracted little attention, because it has 
been presumed that the electrolyte characteristics of polyelectrolytes would 
disappear in solutions of high concentration. In fact, the viscosity-con- 
centration relations for such systems are similar to those for neutral poly- 
mers, and the anomalies characteristic of dilute polyelectrolyte solutions _ 
cannot be observed at high concentrations. 

This does not imply, however, that concentrated solutions of poly- 
electrolytes are identical with those of neutral polymers. As a matter 
of fact, it has been found that the polyelectrolytic characteristics are still 
prominent even in highly concentrated solutions when such irreversible 
processes as viscoelastic behavior are investigated. For example, it is 
shown in this paper that an addition of caustic alkali to a concentrated 
solution of a polyelectrolyte results in a remarkable enhancement of the 
spinnability and a diminution of the dependence of viscosity upon shear- 
rate, while these effects are not observed in solutions of neutral polymers. 

The “spinnability” of the solutions was measured by drawing up a rod 
from the surface of the solution at a given rate. The length of “‘liquid- 
thread”? which could be drawn up in this way is called the ‘“‘spinnability.” 
This length may depend upon the degree of orientation of dissolved chain 
molecules in the direction of drawing and the interaction between the 
molecules. 

The essential factors which characterize the behavior of polyelectrolytes 
in solution are the forces resulting from coulombic interactions. In con- 
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centrated solutions the interaction may be confined to intermolecular ones 
among polyions and would be such that the polyions be thereby arranged 
so as to make the overall interaction energy a minimum. This state we 
shall hereafter call the “structure” of the solution. The addition of an 
alkali to such a solution will make the electric double layer around the 
polyions denser and the interaction force diminish, thus “loosening” the 
structure of the solution. This will enhance the spinnability and reduce the 
shear-rate dependence of the viscosity. Demonstration of this behavior 
was attempted in this work using 2-7% aqueous solutions of sodium 
carboxymethyl] cellulose containing various amounts of caustic soda. 


EXPERIMENTAL 
Material 


Commercial sodium carboxymethy] cellulose of high viscosity was used 
in these experiments. Its molecular weight was estimated to be about 90,000 
from measurements of the intrinsic viscosities in solutions containing var- 
ious amounts of sodium chloride. Reference was made to data of Pals and 
Hermans (1) who had obtained relations between the intrinsic viscosity 


and the added NaCl concentration for several samples of sodium carboxy- 
methyl cellulose of known molecular weights. The degree of substitution 


of the sample was determined to be 0.960 by means of conductometric 
titration; this was also checked by determination of the ash content. 

In order to remove the inorganic salts contaminating the sample, the 
material was shaken with a mixture of one part of water and nine parts of 


- methanol, allowed to stand for 10 hours at about 50°C., and then filtered 


through a fine filter. This procedure was repeated until the filtrate had be- 
come entirely free of the chloride ion, which was confirmed by the silver 
nitrate test. The purified material was dissolved in pure water or in caustic 
soda solutions of various concentrations. To effect the complete dissolution 
each solution was heated at a temperature somewhat lower than 60°C. for 
several days. 


Measurement of Spinnability 


An apparatus similar to that of Scherer (2) was constructed with sev- 
eral modifications. A glass rod immersed in a test solution is driven up at a 
constant rate by a mechanical device. As the rod is pulled up from the 
solution, it draws a liquid thread, which is attenuated towards the solution 
surface and eventually broken off when the rod reaches a certain height. 
The length of the liquid thread drawn up before the break occurs is here 
referred to as the “spinnability” of the given solution under given experi- 
mental conditions. An electric circuit comprising a triode vacuum tube and 
relays was devised so that the movement of the rod could be stopped auto- 
matically as soon as the circuit was opened by the break of an electrically 
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Fic. 1. Relations between spinnability and immersed length of rod at different rates 
of drawing. 


conductive liquid thread. If the solution is not sufficiently viscous, the 
measured length of the liquid thread does not yield the correct measure of 
the spinnability (in the sense we are using in this paper), because in that 
case the effluence of the liquid over the rod also contributes to the length of 
liquid thread. In the present experiments, however, solutions of sufficiently 
high viscosity were used and the drawing was effected at comparatively 
high speeds in order to eliminate this source of error. Scherer used a gear 
system for driving the rod, while we substituted for it a vertically mounted 
piston-cylinder system (3). A piston falls down by its own weight in a ver- 
tical cylinder at a constant rate, expelling the air through a vent. The rate 
of falling of the piston can be controlled by varying the opening of this vent. 
The piston is connected by a flexible wire to the top of the rod. Thus the 
rod is pulled up smoothly as the piston falls down in the cylinder. This 
device proved to be very satisfactory since the liquid thread is so sus- 
ceptible to the slightest vibration caused by the driving of gears. 

The spinnability of a solution will depend upon the rate of drawing, and 
the radius and immersed length of the rod. Measurements showed that 
the spinnability at a given rate of drawing and a given rod radius varies 
linearly with the immersed length of the rod, as illustrated in Fig. 1. The 


1 As the immersion of the rod is deeper, a thicker thread of solution is drawn up. 
This results in the enhancement of spinnability. 
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intrinsic spinnability, denoted by Lo, is then defined as the value of spinna- 
bility corresponding to zero immersed length of the rod. The relation 
between the rate of drawing and spinnability was found not to be linear, 
in contrast with Erbring’s results (4). In the discussion which follows, 
spinnability values cited refer to those at zero immersed rod length, 1.1 
em./sec. drawing rate and 0.4 cm. rod radius. All the spinnability meas- 
urements were carried out at 25°C. 


Measurement of Structural Viscosity 


A horizontal capillary viscometer similar to the Bingham viscometer (5) 
was used. Two large air reservoirs were connected to the viscometer and 
compressed air was applied to the solution at one end of the capillary. The 
viscometer and one of the air reservoirs were immersed in a thermostat to 
avoid fluctuations of the temperature and pressure. The capillary tube was 
made interchangeable so that desired shear rates may be obtained for 
solutions having different viscosities. Because in the case of highly viscous 
solutions a certain amount of the solution remains on the wall of the bulb 
of the viscometer, the actual efflux volume differs from the theoretical value. 
A special microburette was designed and used for determining actual efflux 
volumes. 

Corrections for the kinetic energy of flow, surface tension, and Bing- 
ham’s effect were omitted in this study, because numerical examination 
had proved that they were insignificant under conditions of the present 
experiments. 

The viscosity, 7*, of a solution may be calculated as a function of shear 
rate S from data obtained with capillary viscometers, according to the 
equation (6): 


nt = Pa/2is, 
S = (1/ra*) (3Q + P(dQ/dP)}, 


where a and / are the radius and length of the capillary, respectively, P is 
the applied pressure, and Q is the rate of flow. The shear rate, S, can be 
obtained graphically from the plot of Q vs. P according to the second equa- 
tion. Viscosity measurements were also carried out at 25°C. 

Figure 2 shows representative plots of * against S. Approximate linear 
relations are obtained when these are plotted on a log-log graph, as shown 
in Fig. 3. The slopes of these straight lines, that is, —(d log y* /d log S), 
were utilized as measures for the “strengths of structure” of respective 
solutions. It is of interest to note that this slope has a close relation with 
the spinnability, as demonstrated later. 

In order to investigate the effect of temperature upon the viscosity and 
its dependence on shear rate, measurements were carried out at 20, 30, 40, 
and 50°C. for solutions of different alkalinities, that is, nil, 0.4, 2.00, and 
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Fic. 2. Plots of viscosity vs. shear rate. Numbers attached to the curves correspond 
to the experiment numbers in Table I. 
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Fie. 3. Log-log plots of the viscosity curves shown in Fig. 2. 
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TABLE I 
Concentration of Experimental Concentration Viscosity rik: A Spinnability 
cau foes nt ye + eS 
Pure water I-1 2.86 650 0.56 0.60 
[-2 1.70 422 0.53 0.57 
0.0032 II-1 3.35 327 0.43 Lea lias 
J T=2: 3.06 265 0.42 1.10 
II-3 2ni2 215 0.42 1.08 
II-4 2.58 180 0.39 Hem 
0.0114 III-1 3.68 615 0.45 = 
II]-2 2.01 (33) 0.40 — 
0.096 IV-1 4.35 459 0.36 1.75 
IV-2 4.24 384 0.31 1.70 
IV-3 4.08 270 0.31 1.59 
Iv-4 3.91 — 0.30 = 
0.101 V-1 3.35 75 0.28 = 
0.315 VI-1 5.57 240 0.21 2.52 
VI-2 4.79 120 0.21 2.47 
VI-3 4.58 111 0.23 = 
0.768 VII-1 5.32 131 0.14 — 
0.970 VIII-1 8.00 560 0.14 3.32 
VIII-2 6.27 248 0.17 3.25 
VIII-3 5.91 192 0.15 3.30 
VIII-4 5.74 141 0.13 3.10 
1.650 IX-1 7.43 439 0.06 4.14 
IX-2 7.24 281 0.08 4.11 
IX-3 7.03 195 0.09 4.00 
IX-4 6.69 128 — 3.65 


4.00%. In these measurements, a different sample of sodium carboxy- 
methyl cellulose was used, which had a molecular weight almost equal to 
that of the former sample but had a degree of substitution of 0.540. 


RESULTS 


Effects of Alkali Added 


Table I summarizes data obtained for spinnability and —(d log n*/d 
log S). In the fourth column of the table, viscosity values, 0, obtained by 
the falling ball method are included. It is interesting to note from the table 
that the values of —(d log n*/d log S) are little affected by the polymer 
concentration and changed markedly with the amount of alkali added; the 
absolute value of —(d log n*/d log S) decreases rapidly with increasing 
alkalinity. Because the value of — (d log n*/d log S) is almost constant at a 
given alkalinity, independent of the polymer concentration, the average 
value was computed at each alkalinity. This is plotted against the amount 
of alkali added in Fig. 4. The numerical results are given in Table II. 


From Table I the value of intrinsic spinnability, I, corresponding to a 
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Fic. 4. Plots of —(d log n*/d log S) and of intrinsic spinnability Lo vs. concen- 
tration of alkali added. The abscissa scale is the square root of alkali concentration. 


TABLE II 
Series no. Alkalinity —(d log n*/d log S) Ip at no = 300 
(moles/liter) 
I Pure water 0.55 0.6 
II 0.0032 0.42 ieee 
Til 0.0114 0.438 — 
IV 0.096 0.32 od 
V 0.101 (0.28) == 
VI 0.315 0522 Dae 
VII 0.768 (0.14) —- 
Vill 0.970 0.15 ots 
IDX 1.650 0.08 4.0 
TABLE III 
—(d log n*/d log S) 
Temp., °C. Exp. No. 
1 2 3 4 
20.0 0.36 0.32 0.16 0.08 
30.0 0.35 0.32 0.16 0.08 
40.0 0.36 0.32 0.15 0.08 
50.0 0.32 0.32 0.16 0.08 
Polymer conc., (g./100g.) 3.00 3.54 5.00 6.01 
Alkalinity (moles/liter) Nil 0.10 0.50 1.00 


falling ball viscosity value (no) of 300 poises, was determined at each al- 
kalinity. The results are recorded in Table II and plotted graphically in 
Fig. 4. It is seen from this figure that the intrinsic spinnability so defined 
increases almost linearly with the square root of the alkali concentration. 
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Temperature Dependence of —(d log n*/d log S) 


It was found that viscosities for the solutions investigated decreased 
with increasing temperature, describing curves almost parallel with each 
other, while the values of —(d log n*/d log S) remained constant inde- 
pendent of temperature at a given alkalinity. The numerical results appear 
in Table III. It can be seen from the table that the only factor which in- 
fluences the slope of the log n* vs. log S plot is the concentration of caustic 
soda added. 


DIscussION 


Solutions of polyelectrolytes even as dilute as 1-2% concentrations exist 
in a state which may be defined as a gel rather than a fluid, while solutions 
of neutral polymers at corresponding concentrations behave like a fluid 
in the sense of high polymer chemistry. When an alkali is added, the 
gel-like mass of a polyelectrolyte solution tends to behave like an ordinary 
viscous fluid. This fact indicates that the structure of aqueous solutions of 
polyelectrolytes is greatly modified by the presence of simple electrolytes. 
Busse (7) has suggested that such a gel-like state of aqueous polyelectrolyte 
solutions should be attributed to the electrostatic interaction between the 
double layers covering the colloidal particles. In the concentrated poly- 
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Fia. 5. Plots of relaxation time of streaming birefringence vs. polymer concentration 
at a certain shear rate (30.0 sec). 


234 HIROSHI INAGAKI 


Intrinsic spinnability Lo, cm. 


(9) 01...02 03,04 (05 06 
— (d log n*/d log S) 
Fra. 6. Relation between intrinsic spinnability and —(d log n*/d log S). 


electrolyte solutions studied in the present work, the interaction between 
the polyions is dominant, and the intramolecular interaction may be dis- 
regarded, because of the close packing of the polyions in solution. 

The structure of the solution considered here is such that the overall 
electrostatic energy resulting from the intermolecular interaction between 
polyions is at its minimum. Such a structure of polyelectrolyte solutions is, 
therefore, distinguished from the network structure as produced by en- 
tanglement of neutral polymer chains in solution. Its ‘“‘strength” will be 
controlled by the thickness of the double layer around the polyions. The 
double layer in concentrated polyelectrolyte solutions, although quite 
dense even in pure water solutions, can be condensed further by the addi- 
tion of simple electrolytes. This causes the structure of the solution to 
‘Joosen” and makes it easy for polyions to translate or orient in response 
to an external force applied to the system. The spinnability should then be 
increased, because it is associated with the ease with which polymer 
chains are oriented in the direction of drawing, as discussed by Nitschmann 
and Schrade (8). The results given in Fig. 4 and those of Nakagawa (9) 
confirm this interpretation. 

A support for the idea presented above for the structure of concentrated 
polyelectrolyte solutions may be obtained from measurements on streaming 
birefringence. The relaxation time of streaming birefringence is a measure 
of the rotary diffusivity of macromolecules, which, in the case of con- 
centrated solution, depends mainly on the intermolecular interactions 
involved. According to the work made by Joly (10), the relaxation time is 
expected to decrease with decrease in the intermolecular interaction, which 
provides, in the present case, a measure for the strength of the structure of 
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the solution. Experiment on streaming birefringence is now being in prog- 
ress in this institute for almost the same system as investigated in this 
work; the relaxation time is measured using an apparatus similar to that 
of Conner and Donnelly (11). (The details of this experiment will be de- 
scribed in a forthcoming publication.) Some of the results so far obtained 
are given in Fig. 5. It can be seen from the figure that the relaxation time 
at a certain shear rate (30.0 sec.-!) and concentration increases with de- 
creasing added alkali concentration and shows magnitudes of order of 10- 
sec., which are larger than those obtainable in dilute polyelectrolyte solu- 
tions. This may support the idea proposed in the above and, furthermore, 
suggests that the intramolecular interaction in a polyion has almost disap- 
peared in comparison with the intermolecular one at as high concentrations 
as studied here. 

The temperature dependence of —(d log n*/d log S) as found here with 
solutions of carboxymethyl cellulose seems to be of a peculiar nature, in 
contrast with the case of neutral polymer solutions. It is expected that 
increasing the temperature would promote the thermal motion of polymer 
molecules and, therefore, make the structure of solution less firm. If SO, 
the absolute value of —(d log n*/d log 8) would decrease with increasing 
temperature. The fact that carboxymethyl cellulose solutions do not 
follow this prediction suggests that the structure produced by the elec- 
trostatic interaction is of a different nature than brought about by molec- 
ular entanglement of polymer chains. 

The relation between the spinnability and the quantity —(d log 7*/d 
log S) is shown graphically in Fig. 6. This type of relation may be of gen- 


eral interest from the rheological point of view, because it is supposed that 


spinnability of a solution may closely be correlated with non-Newtonian 
behavior of its viscosity, irrespective of what sort of intermolecular inter- 
actions produce the structure of the solution. If so, study of this relation 


will afford information about the state of entanglement between neutral 


polymer chains in concentrated solutions. In future, such data may play an 
important role in investigating qualities of spinning dopes used in textile 
industries. ed ; 
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SUMMARY 


The spinnability and non-Newtonian viscosity of concentrated solutions 
of sodium carboxymethy] cellulose (concentration 2-7 %) were measured 
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over a range of concentration of caustic soda added. The plots of log n* 
(n* is viscosity) vs. log S (S is shear rate) were linear for all cases investi- 
vated. Their slopes, that is, — (d log n*/d log S), were used for characterizing 
the strength of structure of the solution under shear. It was found that the 
spinnability is increased, while the slope, — (d log n*/d log S), is decreased, 
with increasing alkalinity of the solution. In order to interpret these results, 
‘+ was assumed that there is a certain order of polyions in solution in which 
the overall interaction energy is at its minimum. In other words, the exist- 
ence of a certain type of structure was presumed in concentrated polyelec- 
trolyte solutions. The decrease in —(d log n*/d log S) was then shown to be 
attributed to the “loosening” of the “structure.” It was also shown, based 
on this assumption, that the less tight the structure of solution the greater 
the spinnability is. This is in line with the prediction that the orientation of 
chain molecules in the direction of drawing is made easy as the structure of 
solution is loosened. The addition of an alkali results in making the double 
layer around the polyion denser, and thus the structure of solution less tight 
owing to the decrease in electrostatic interaction between polyions. This 
consequence, when combined with the above-mentioned, explains qualita- 
tively the behavior found experimentally. It is important to note through 
these considerations that the electrolyte behavior of polyelectrolyte solu- 
tions is still conspicuous even at high concentrations. The quantity, 
—(d log n*/d log S), for a given solution was almost independent of the 
temperature over the range studied. 


REFERENCES 


1. Pats, D. T. F., anp Hermans, J. J., Rec. trav. chim. 71, 433 (1952). 
2. Scuprer, P. C., Rayon Textile Monthly 26, 67 (1945). 


3. NaKaaawa, T., Bull. Chem. Soc. Japan 26, 88 (1952); Inacakt, H., Bull. Research 
Inst. Synthetic Fibers, Japan 11, 144 (1954). 
4. Erprina, H., Kolloid-Beih. 44, 171 (1936). 
5. Barr, G., “A Monograph of Viscometry,’’ p. 53. Oxford University Press, 1936. 
6. CuarK, O., anv Deutscn, M., J. Appl. Phys. 21, 713 (1950). 
7. Bussn, W. F., J. Phys. Chem. 36, 2862 (1932). 
8. NrtscHMANN, Ns., AND ScurabDE, J., Helv. Chim. Acta 31, 312 (1948). 
9. Nakagawa, T., Bull. Chem. Soc. Japan 25, 93 (1952). 
10. Jouy, M., Kolloid-Z. 126, 77 (1952). 
ll 


_ Conner, W. P., anp Donne.ty, P. I., Ind. Eng. Chem. 43, 1136 (1951). 


JOURNAL OF COLLOID SCIENCE 11, 287-239 (1956) 


THE REINFORCEMENT OF RUBBER BY CARBON BLACK. A STUDY 
OF THE COHESION BETWEEN THE PARTICLES 
OF FILLER 


R. S. Bradley 


Depariment of Inorganic and Structural Chemistry, University of Leeds, England 
Received September 1, 1955 


ABSTRACT 


__ The force of cohesion between carbon particles in filled rubber has been calcu- 
lated on the basis of London forces, and has been shown to be inadequate to explain 
the high tensile strength of filled rubber. 


_ In spite of the immense amount of labor devoted to the problem, the 
action of carbon black in reinforcing rubber remains obscure. Rival theories 
may be divided into the so-called physical and chemical. In the latter some 
kind of cross-linking between rubber molecular via carbon particles is 
imagined to occur. Even if this is true, however, there will always be pres- 
ent, in addition, the physical interaction due to London forces. So far as 
the writer is aware, no calculation has been published of the magnitude of 
this physical interaction. It is the purpose of this paper to make a reason- 
able numerical estimate of the cohesion in rubber due to carbon black, and 
by comparing with experimental values to decide whether in fact the re- 
inforcement is mainly physical in origin. 
_ For simplicity the tensile strength has been chosen as a criterion of re- 
inforcement, since it is comparatively easy to calculate the force required 
to separate the carbon particles and since the abrasive action on rubber 
tires during wear does involve the pulling apart of the material. It is 
realized, however, that no one physical property can give an unequivocal 
estimate of the reinforcement. 
The writer’s interest in the subject began with a theoretical and experi- 

mental study of cohesion between spheres (1) in which it was shown that 
he force of attraction between two spheres of radii 7, 72 containing q 

ttracting molecules per cm.’ is given by 
rgd mr. | 
Force = Spee rede? [1] 
where d is the shortest distance between the surfaces of the spheres and the 
law of force between molecules whose centers are distant 7 cm. apart is 
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given by: force of attraction = \/77 i.e., the London type of force. Equa- 
tion [1] holds only if d « 7, and 72. Later work by Hamaker (2) gave for 
the energy between two equal spheres of radius r for any value of d and for 
London forces 


raqr 1 1 a + 2x ) 
Sh es é (atuteceait sper 2] 
where x = d/(2r). (This result has been rewritten to be consistent with 
Eq. [1], since Hamaker takes the force to be 6 \’/r7 and the energy ’/r®.) 
The force between a sphere and a bulk solid with a plane surface distant d 
from the spherical surface, at right angles to the surface along a line through 
the center of the sphere, is 1q?r/(36d?). 

It is clear from these results that the force of attraction between spheres 
decays rapidly with the distance between them, and little error will be 
introduced if the calculation is confined, as a first approximation, to nearest 
neighbors. The particles of carbon in filled rubber appear approximately 
spherical, and it will be assumed that they are all of equal radius, and in 
the same spatial relation as close packed spheres. We may then calculate 
the distance between the spherical surfaces, along the line of centers, if the 
density of the filled rubber is known. For the latter additivity of volumes is 
assumed, taking a value 2 g.cm.~ for the density of carbon black particles. 

For the estimation of \ the Slater-Kirkwood (3) method is most con- 
venient. The structure of carbon black appears to be distorted graphitic, 
and it may be assumed to be sufficiently accurate that the average polar- 
izibility per carbon atom is the same as in graphite. This gives an estimate 


of \ = 1.1 X 10-8 dyne em.7, based on bond refractivities, for carbon atom 


interactions. 

From the number of particles per cm.? on either side of a section made in 
filled rubber the contribution of the carbon to the force per cm.” required 
to pull the section apart can be calculated from Kq. [1], with the results 
recorded in Table I. In this calculation no allowance has been made for the 
fact that carbon black spheres (a) displace rubber, causing a reduction in 
the rubber-rubber interaction, and (b) interact with the rubber on the 
opposite side of the section which is pulled apart. The natural tensile 
strength of rubber, especially artificial rubber, may be assumed to be small 


TABLE I 
Contribution to Tensile Strength of Force between C Particles 
% by wt. Radius of C particle, Contribution to tensile 
of filler cm. strength, dynes cm.-? 
50 ISG 10ms Pos < IMOe 
80 12S else PAM AO 
50 10-6 1.38 & 105 


80 10-5 1.2 X 10° 


: 
: 
| 
: 
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compared with that of graphite, and these contributions will not affect the 
order of magnitude of the results above. It is clear from Table I that even 
at the high loading of 80 wt. % the increase in tensile strength is far below 
that found experimentally, e.g., G.R.S. loaded with 50% carbon has a 
tensile strength of the order of 108 dynes cm.~? (4). 

The conclusion is that physical forces are not responsible for the great 
increase in tensile strength of GRS and other artificial rubbers when filled 
with carbon black. It should be noted, however, that the same cannot be 
said without further examination for the effect on the modulus, which is 
unfortunately a much more difficult problem. 

My thanks are due to Mr. Merton Studebaker, of the Phillips Chemical 
Co., for his interest in this work and for many ouGeanraie discussions. 
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ABSTRACT 


The viscosity of the alkali salts of humic acids has been measured at different 
dilutions, both in aqueous and salt solutions. From the abnormal viscosity (nsp/C)- 
concentration relationship obtained for these systems, it is concluded that they 
can be considered as polyelectrolytes. 


INTRODUCTION 


The constitution of humic acids is intimately linked with the constitu- 
tion of coal, since these acids represent a very important intermediate 
stage in the process of coalification from vegetable matter (1). The con- 
stitution of humic acids has been a subject of investigation for a long time. 
Although the chemical properties of these complex acids are fairly well 
known (2) and the functional groups present in the acids, e.g., —COOH, 
phenolic —OH, C=O, and —O-CH; have been identified, the number of 
rings present in the acids and the points of attachment of these reactive 
groups in the molecules have not yet been established. In the present 
investigation, the character and behavior of the alkali salts of humic acids 


have been studied by measurement of viscosity in aqueous and salt solu- 
tions. 


EXPERIMENTAL 


Humic acids were prepared by aerial oxidation of a sample of low rank 
coal (Jambad-Bowla Seam, Raniganj Coalfield) at 200°C. for 200 hours in 
an air oven. The humic acids, thus formed, were extracted by digestion of 
the oxidized coal with (V) NaOH solutions, followed by precipitation of the 
acids by addition of hydrochloric acid. The acids thus isolated were dialyzed 
to remove the last traces of mineral impurities. For the preparation of the 
alkali salts, the pure humic acids were treated with a stoichiometric pro- 
portion of NaOH and the sodium salt was precipitated from solution by 
addition of an excess of absolute alcohol. The salts were washed free of 
alkalis by 90% alcohol and finally dried in vacuo at 50°C. 

The viscosity measurements of the sodium salts of humic acids were 
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Fig. 1. Change of reduced viscosity of sodium humate. Curve A: Water solution. 
Curve B: Sodium chloride solution. 


‘earried out with an Ostwald viscometer having a flow time of 170 sec. 
with distilled water at 35.13°C. + 0.02°C. 


RESULTS 


The viscometric measurements of the solution of sodium humates in 
water were made at different dilutions at 35.13°C. + 0.02°C. and the 
calculated values of reduced viscosity (nsp/C, where nsp = n/no—1; » and 
no being the viscosity of the solution and solvent, respectively) are pre- 
sented in curve A, Fig. 1. The measurement of the viscosity of solutions at 
different concentrations of sodium humate was done at a constant sodium 
chloride concentration (20.78 X 10-* g.eq./l.) and the results are repre- 
sented in curve B, Fig. 1. 


DISCUSSION 


It is evident from curve A that the reduced viscosity rises rapidly with 
diminishing concentration of sodium humate—a property characteristic of 
polyelectrolytes. For a neutral polymer, the reduced viscosity varies 
linearly with dilution in the dilute region and the curve gives a positive 
slope with the C axis. For a polyelectrolyte (3) (i.e., a high molecular weight 
substance which behaves simultaneously as an electrolyte containing a 
sumber of ionizable groups along the polymer chain), however, the re- 
duced viscosity rises rapidly with dilution. The latter type of behavior has 
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been observed in case of a number of substances by different workers 
3-7). 

ne to Fuoss (3) the difference in behavior between the two classes 
of polymers may be explained in the following way. For a neutral polymer, 
the chain is coiled up in solution and the extent of coiling is not appreciably 
affected by dilution, in the very dilute region. For a polyelectrolyte, on the 
other hand, at high dilution almost all the ionizable groups will be dis- 
sociated and the chain will be left fully charged electrically. Under these 
conditions, the repulsion between similarly charged groups in the chain 
will be 2 maximum and the chain will assume a fully extended condition 
with maximum separation between similarly charged centers. At lower 
dilutions, the degree of dissociation of the ionizable groups will be smaller 
and as a consequence the chain will be only partially extended. Hence, it 
follows that with progressive dilution the chain will be gradually extended. 
The rise in reduced viscosity with dilution in the case of a polyelectrolyte 
can thus be explained. In the case of simple electrolytes, the positive and 
negative charges are capable of independent movement in solution and 
hence the possibility of an abnormal viscosity relationship does not arise. 

The interesting viscosity relationships observed in the case of sodium 
humate may therefore be attributed to the increased intramolecular cou- 
lombic repulsion with increased electrolytic dissociation brought about by 
dilution. 

The relationship between the reduced viscosity and different dilutions of 
sodium-humate solution, at constant sodium chloride concentration, as 
shown in curve B, is significant. The curve shows a well-defined maximum 
at a concentration of sodium humate where the ionic concentration of 
sodium from sodium-humate is nearly equal to that from sodium chloride. 
At lower sodium-humate concentration, the curve shows the behavior of a 
neutral polymer whereas at higher sodium-humate concentration, it shows 
the typical behavior of a polyelectrolyte. 

According to Fuoss (3, 4) this marked effect of the simple electrolyte on 
the reduced viscosity of polyelectrolytes may be explained in terms of the 
mass-action effect. Increase in concentration of positive ions in solution 
will decrease the degree of dissociation of the ions from Na-humate. This 
will therefore cause a reduction in the intramolecular coulombic repulsion 
in the polymer chain and thus favor the coiling up of the chain. This will 
happen when the sodium ion concentration from sodium chloride is greater 
than that from sodium-humate. Under these conditions, almost all the 
ionizable groups in sodium-humate will remain undissociated and the 
molecules will remain in the coiled-up state. This explains the behavior of 
sodium humate solutions at higher dilutions. At concentrations where the 
sodium ion concentration from sodium-humate is higher than that from 
NaCl, there will be a partial dissociation of Na-humate, with the result 
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that the molecules will be stretched to a certain extent. At this stage it 
will simulate the behavior of typical polyelectrolytes. 

Whether the above explanations are applicable to the system of sodium 
humate solution is a matter for further consideration. The difficulty arises 
from the fact that humic acids and their salts cannot be regarded as high 
polymers as their molecular weights lie in the range from 300 to 1200. 
One explanation is that although the molecular weights of humic acids as 
measured by different methods (8) indicate a comparatively lower value, 
in solution a large number of units may be linked together by hydrogen 
bonding or some similar mechanism, thereby forming a polymer chain-like 
structure. Another possibility is that the molecular weights of humic acids, 
as reported in the literature, may not represent the true values. In some 
cases, molecular weights of a much higher order (2350-26000) have also 
been reported (9). . 
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ABSTRACT 


The rates of polymerization and the degrees of polymerization produced in methyl- 
methacrylate by the initiator-activator system benzoyl peroxide-dimethylaniline 
were studied at low temperatures. The initiation of polymer chains appears to result 
from a bimolecular reaction between amine and peroxide, since the temperatures 
used were below those at which benzoyl peroxide alone would appreciably initiate 
polymerization. The activation energy for initiation is calculated to be 12.8 kcal. 


INTRODUCTION 


For the polymerization of styrene initiated by the system benzoyl 
peroxide-dimethylaniline, the following relation obtains at low tempera- 
tures (1) 


R, = C({Bz202][DMA])°* (1] 


where R, is the initial rate of polymerization in moles per liter per second, 
[M], [Bz202], and [DMA] are the concentrations of monomer, benzoyl 
peroxide, and dimethylaniline in moles per liter, and C is a function of 
temperature alone. 

Recently, Imoto et al. (2) have shown that, for methylmethacrylate 
polymerization initiated by the system benzoyl peroxide-dimethylaniline 


at 30° C., the observed rate of polymerization may be expressed as the 
sum of two rates 


R, = C,([Bz.02]°> + C2([Bz202][DMA])°->. [2] 


This is, however, an approximation which is valid only for polymerizations 
carried out at sufficiently low temperatures so that the contribution of the 
benzoyl peroxide alone is small compared to that of the benzoyl peroxide- 
dimethylaniline system. In actuality, the rates of inétiation are additive, 
and, since the rate of initiation is proportional to the square of the rate of 
polymerization, a more exact expression would be 


R,? = CY[Bz.02] + C?{[Bz202|[DMA]. [3] 
244 
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In this paper we show that the initial rate of polymerization of pure 
methylmethacrylate initiated by the system benzoyl peroxide-dimethylani- 
line is dependent only on the square root of the product [Bz20.][DMA], 
when the temperature is below that at which benzoyl peroxide alone will 
significantly initiate polymerization. The experiments were carried out in 
pure methylmethacrylate at 20°, 0°, —16°, and —40° C. The relation 
between 1/P,, (reciprocal number average degree of polymerization) and 
R, was obtained at all four temperatures. From this data the activation 
energy of the initiation reaction is calculated. 


EXPERIMENTAL 


The experimental procedure for measuring &, has been described pre- 
viously (3). All polymerizations were carried out to less than 5% conver- 
sion. The value of P,, was calculated by means of the relationship (4) 


P, = 1772 [n}). [4] 


The dimethylaniline was purified as in reference 1. Recrystallized benzoyl 
peroxide was used. The methylmethacrylate was purified by washing with 
5% sodium hydroxide to remove inhibitor, drying over anhydrous potas- 
sium carbonate, and distilling under nitrogen at 100 mm. taking a good 
middle cut. 

The temperature of polymerization was controlled to within +0.1° at 
20° and 0° C., +1° at —16° C., and +2° at — 40°C. 

Catalyst concentrations were varied from 0.0005 to 0.040 mole per liter 
of benzoyl peroxide and dimethylaniline. The ratio of benzoyl peroxide to 
dimethylaniline was varied from 40:1 to 1:40. 


RESULTS 


The results of the experimental work are presented in Figs. | and 2. 
Figure 1 shows a plot of log R, versus log BzxO2 DMA; these lines correspond 
to the general expression 


R, = C({Bz202][DMA])°°. [5] 
TABLE I 
T CC.) A’/[M}? A’ Rp/({Bz202)[DMA))0.5 R;'/({Bz202] [DMA] 
20 2.96 272 6.00 X 10-3 214 X 10° 
0 5.24 490 2.16 X 10-3 49.0 X 10-6 
—16 12.5 1210 0.454 X 10-3 5.14 x 10% 


—40 28 .0 2840 OAS <a Ome 0.784 X 107° 
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Figure 2 shows a plot of 1/P,, versus R,. These lines correspond to 
Yee Roepe hed [6] 
oes 
Using Eqs. [5] and [6], the rate of initiation, R’;, may be calculated for 
the various temperatures by means of the expression 
Por 
= Tap 
Values for the variables as obtained experimentally from Eqs. [5] and [6] 
are tabulated in Table I. A plot of log R’;/Bz202 DMA versus 1/T (reciprocal 
absolute temperature) was made as shown in Fig. 3, which is represented 
by the equation 


R’;/(Bz202][DMA] = 5.4 X 1047 800/R7, [8] 


Ri (7] 


The values of A’ tabulated in Table I are plotted in Fig. 4 versus 1/T. 
Also included in this plot are the values of A’ previously collected (5). 
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(V7) x1O* 
Fig. 4 


Owing to the extension of the temperature range the equation presented in 
reference 5: 


A’ = 3.00 X 10-*e8180/Rr [9] 
is now modified to be 
A’ = 4.65 X 10-%¢8390/R7 [10] 
DIscussION 


In reference 1 it was suggested that at 0° C. radicals are produced from 
dimethylaniline and benzoyl peroxide by a bimolecular mechanism. In the 
present work Kas. [5], [6], and [8] affirm this over a range of temperature 
and show moreover that the activation energy for the initiation reaction is 
12.8 keal. It should be noted that the reaction between benzoyl peroxide 
and dimethylaniline is extremely wasteful from the viewpont of radical pro- 
duction. Imoto (6) has shown the reaction to yield only about 25% of the 
theoretical amount of radicals at 50° C. in styrene. 


KINETICS OF POLYMERIZATION OF METHYLMETHACRYLATE 249 


The value for R’;/[Bz202|[DMA] at 0° C. may be compared with the same 
value obtained for styrene in reference 1: for methylmethacrylate the value 
is 49.0 X 10-6, whereas for styrene the value is 30.7 X 107°. 


This work was sponsored by the Office of Ordnance Research, Department 
of the Army. 
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INTRODUCTION 


McBain and Lissant (1) and Spring and Howard (2) observed that lauric 
acid increases the solubility of hydrocarbons in aqueous solution of sodium 
and potassium laurate. In the present work the extent of solubilization of 
butanol-1 and 3-methyl butanol-1 in aqueous solution of sodium oleate 
containing free oleic acid and free sodium hydroxide has been determined 
with a view to finding out if the free acid and sodium hydroxide have any 
influence on the solubility of these alcohols. 

The viscosity of the solutions has also been determined with a view to 
finding out the nature of the micelles formed. 


Mareriats Usep 


Oleic acid was Kahlbaum (Analar). Sodium hydroxide was prepared 
from sodium B.D.H. (Analar) in conductivity water. Merck (Reagent grade) 
butanol-1 and 3-methyl butanol-1 after further purification had the fol- 
lowing boiling points: Butanol-1, 117°-118°C. 3-Methyl butanol-1, 129°- 
130°C. 


EXPERIMENTAL Merruop 


Exact solubilities of alcohols were not determined but attempts were 
made to prepare 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 
90 % solutions of alcohols in 25%, 50%, 75%, and 100% neutralized acid 
and in excess of sodium hydroxide by the method used by Smith (8). 

Viscosities were determined at 35° + 0.05°C. in a thermostat by means 
of Ostwald’s viscometer. Densities were determined by means of a pycnom- 
eter. The results obtained are given in Tables I and II. 


RESULTS AND Discussion 


In 25 % neutralized oleic acid, solutions of 75 %, 80 %, and 90 % butanol-1 
and 90 % 3-methyl butanol-1 could be prepared. The solubility of water in 
butanol-1 at 34°C. is 20.5% and that in 3-methyl butanol-1 is 10.18 %; this 
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TABLE I 


Viscosity of the System: Water-Sodium Oleate and Butanol-1 in Presence of Free 
Acid and Alkali 


Viscosity in millipoise; Temperature 36° + 0.05°C. 


Bu tapol-t, Percentage of oleic acid neutralized Concentration of NaOH 

: 25 50 75 100 0.2N 0.4N 0.6N 

5 — —_ 19.08 16.17 22.36 79.14 121.00 
10 = 28.99 22.35 18.62 21.80 27.52 30.52 
20 — — 26.20 25.20 25.85 — = 
30 —_ — 29.47 28.32 — — — 
40 — — 32.81 30.98 — = = 
50 — — 33.74 32.42 — — — 
60 — — 34.89 33-13 — = == 
70 — — 29.51 29.94 — = == 
80 25.01 26.03 26.93 28 .07 — —_ — 
90 23.12 24.26 25.03 25.99 —_ — _ 

TABLE II 


Viscosity of the System: Water-Sodium Oleate and 3-Methyl Butanol-1 in Presence of 
Free Acid and Alkali 


3-Methyl Percentage of oleic acid neutralized Concentration of NaOH 
butanol-1, 
% 25 50 75 100 0.2 0.4N 
5 = ==: = 18.62 152.3 — 
10 = = == 39.09 105.2 45.45 
20 = = = 57.23 _ — 
70 = = == §2.12 — — 
80 a = = 39.50 — — 
90 30.48 32.21 34.40 34.59 _— — 


shows that only a very small amount of water was solubilized in butanol-1 
and no water was solubilized in 3-methy] butanol-1. 

In 50% neutralized oleic acid, solutions of 10%, 75%, 80%, and 90% 
butanol-1 and 90% 3-methyl] butanol-1 could be prepared. This shows that 
for butanol-1 both hydrophilic oleomicelles and lipophilic hydromicelles 
(see Schulman and Riley (4)) were formed. But for 3-methyl butanol-1 
water was not solubilized. 

Solutions of all concentrations of butanol-1 were prepared in 75% and 
100% neutralized acid. For 3-methyl butanol-1 solutions of 85 % and 90% 
alcohols were prepared in 75% neutralized acid but in completely neutralized 
acid solutions of 5%, 10%, 20%, 70%, 80%, and 90% alcohol concentra- 
tions could be prepared; therefore, for this alcohol it can be concluded that 
neutral sodium oleate acts as a better solubilizer than the acid soap. Spring 
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and Howard (2), on the other hand, found the acid soap to be a better solu- 
bilizer than the neutral soap for the solubilization of benzene. This dif- 
ference in behavior is due to the fact that the loci of solubilization of al- 
cohols, which are polar compounds, are different from those for benzene. 

The solubility of butanol-1 and 3-methyl butanol-1 decreased as the 
alkali concentration was increased. 


Viscosiry oF BuraNot-l1 SysTEM 


From the results given in Table I it is observed that for 25 % and 50% 
neutralized acid, the viscosity of 80% solution is more than that of 90% 
alcohol solution. This is due to the fact that the micelle in the former solu- 
tion is bigger than in the latter. 

In the case of 75% and completely neutralized acid solutions, the vis- 
cosity at first increases up to 60 % alcohol concentration and then decreases 
with the increase in alcohol concentration. This is probably due to the fact 
that below 60% alcohol concentration hydrophilic oleomicelles are present 
and above 60% alcohol concentration lipophilic hydromicelles are formed. 
Above 60% alcohol concentration the decrease in viscosity is due to the 
decreasing size of the micelles. 

In the alkaline region, viscosity increases considerably as the alkali con- 
centration increases. This is due to the increasing tendency to form gel with 
the increase in the concentration of alkali. Formation of gel in presence of 
salts has also been observed by Pilpel (5). 

In the presence of excess of alkali, viscosity decreases as the alcohol con- 
centration increases. This is due to the fact that the gel formation tendency 
decreases with the increase in concentration of butanol-1. The explanation 
given by Pilpel (5) is that in the presence of short-chain alcohols, the radii 
of both spherical and cylindrical micelles decrease and hence the tendency 
to form gel also decreases. 


Viscosity or 3-Mrtruyt Buranou-l1 SysTEMs 


The behavior of the 3-methyl butanol-1 system is similar to that of the 
butanol-1 system. 


SUMMARY 


The solubilizing capacity of aqueous solutions of acid soap and neutral 
soap for butanol-1 and 3-methyl butanol-1 has been determined. It has 
been observed that the amount of butanol-1 solubilized is the same in 
aqueous solutions of 75 % neutralized and completely neutralized oleic acid. 
But for 3-methy] butanol-1 neutral soap acts as a better solubilizer than the 
acid soap. This is due to the fact that the loci of solubilization of both free 
acid and the alcohol are the same. 


It has been concluded from the viscosity determinations for these sys- 
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tems that two types of micelles are formed. The first type of micelles exists 
below 60% butanol-1 concentration and the second type above 60%. 
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ABSTRACT 


The distribution of the fractional numbers of aerosol particles carrying assigned 
charges was measured for the case where the positive and negative light ion conduc- 
tivities of the environment were wnequal. The maximum of the distribution is dis- 
placed toward the sign of the charge that corresponds to the ion having the pre- 
dominant conductivity. With a measured ratio of ,/A- = 0.8; about 95% of the 
particles carried negative charges and had an average value of —12 e. The magnitude 
of both the observed mean charge and the distribution corresponds closely to the 
aerosol electrification equation recently worked out by the senior author. The investi- 
gations show that ionic diffusion is responsible for the equilibrium electrification of 
perhaps most aerosols. 


I. IntTRoDuUcTION 


The free electrical charge carried by aerosol particles frequently plays an 
important part in determining the physical characteristics of the aerosol. 
In a number of earlier papers (1-3) the fundamental character of the elec- 
trification transferred to typical aerosol particles was considered, and it 
was shown that the mean charge, averaged with respect to sign, depended 
critically upon the ratio of the positive and negative light ion conductivities 
of the aerosol environment. In this paper one considers the experimentally 
determined systematic electrification of water droplets condensed from 
saturated clean air in which the positive and negative light ion conductiv- 
ities are quite different. It is found that under these circumstances the 
sign of the mean systematic charge is the same as the sign of the pre- 
dominant light ion conductivity. 

Karlier analyses and measurements of the electrical charge communi- 
cated to insulated spheres, supported in a small wind tunnel and operating 
with ionized air having a known conductivity ratio, showed clearly (4) 
that ionic diffusion is responsible for the electrification and its magnitude is 
dependent on the conductivity ratio of the positive and negative light ion 
conductivities. It has been shown (1) that the average charge Q trans- 
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ferred to a particle whose radius is larger than the mean free path of the 
ions in the environment, is given by 


a) ONG ING Ge ONG 

aa [3 Ya eS | Aa oe uv 
where F is a numerical constant approximating unity that depends on the 
detailed air flow about the particle, a is the particle radius, k is the Boltz- 
mann constant, 7’ is the absolute temperature, ¢ is the elementary charge, 
d, and d_ are the respective light ion conductivities of the environmental 
air, V is the systematic particle velocity relative to its environment, and wu 
is the mean ionic mobility in the transition layer just outside the particle. 
Since the falling velocity V of most aerosol particles is small, Eq. [1] may 
usually be reduced to 


See pe 2 
Q ge [2] 
where y, obviously, is the number of elementary charges corresponding to 
Q and defines the maximum of the distribution curve given by Eq. [3] 
and Figs. 1 and 2. a 
Because large numbers of particles supported in an ionized atmosphere 


normally capture the more mobile negative ions faster than the positive 


ions and thus tend to establish equality of conductivity between the posi- 
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Fic. 1. Measured fractional number of pure water droplets carrying assigned 


| numbers of elementary charges. Average radius = 3.32 » with a mean deviation of 


0.65 ». Measured conductivity ratio A_/Ay = 1.2280 that y = —11.7, as calculated from 


| Eq. [2]. Number of droplets measured = 416. Smooth curve is Eq. [3]. 
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Fie. 2. Measured fractional number of pure water droplets carrying assigned 
numbers of elementary charges. Average radius = 4.0 » with a mean deviation of 
0.8 nu. Measured conductivity ratio \_/A, = 1.26 so that y = —16, as calculated from 
Eq. [2]. Number of droplets measured = 230. Smooth curve is Eq. [3]. 


tive and negative ions; there was a possibility that the phenomena fully 
established for a single sphere (4) would not be evident in a cloud of sus- 
pended particles. Accordingly, it seemed worth while to measure the dis- 
tribution of electrification among the particles of an aerosol under carefully 
controlled conditions, wherein the environmental conductivity ratio of the 
positive and negative light ions was known. Such measurements are sum- 
marized herewith. 


II. ExprERIMENTAL PROCEDURE 


The apparatus employed in this investigation is an adaptation of the 
method first used by Wells and Gerke (5) in their investigation of charged 
smoke particles. Their method employed a chamber wherein the particles 
were subject to periodic horizontal electrical forces as well as the steady 
forces of gravity. By the use of Stokes’ law, the radius and electrical charge 
of each aerosol particle was then determined directly from the observed 
displacements of the particles that result from gravitational and cyclically 
impressed electrical forces. The rate of fall of each droplet was used to de- 
termine its radius. 

As reported in an earlier communication (3) it is found that newly formed 
cloud droplets are essentially neutral but they quickly acquire an equi- 
librium charge upon exposure to copious ionization. This accumulation of 
charge normally is accomplished in ordinary clear air in some hours, but 
may be greatly expedited by the use of X-rays or other ionizing sources. 
Care was taken in our experiments to clean the air introduced into the 
cloud chamber so that ions could not rapidly attach themselves to the 
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large numbers of condensation nuclei normally suspended in ordinary air. 
These nuclei reduce the conductivity of the air and tend to promote equal- 
ity of conductivity for the positive and negative ions (6). The air was care- 
fully cleaned by passing it first through a layer of copper wool and then 
through 2 inches of loose cotton before it was introduced into a chamber 
saturated with water. This clean air was then slightly cooled to form a cloud 
at a temperature about 14°C. above ambient. The cloud chamber was ex- 
posed to X-rays of such an intensity that many ions normally existed in 
the space between the cloud droplets. In the presence of such ionization 
it was found that the ratio of the negative conductivity to the positive con- 
ductivity (A_/\,) approximated 1.2 to 1.3, in spite of the relatively large 
number of cloud droplets in the environmental air. The newly formed 
cloud was aged in the chamber for some minutes and then drawn through a 
standard Gerdien conductivity apparatus. The positive and negative ionic 
conductivities were independently determined by measuring the current 
to the central electrode by the use of a standard high resistance and a 
vibrating reed electrometer. This conductivity ratio was measured both 
before and after every reported run and if appreciable fluctuation occurred, 
the measurements were discarded. 

Considerable effort was made to obtain a cloud of droplets having a uni- 
form size. The cloud was formed by condensation in clean air and subse- 
quently aged. The mean deviation of droplet size is indicated in the cap- 
tions of each figure. 


Il. Toe MerasuREMENTS 


Using the above apparatus in the manner outlined, the sign and number 
of elementary charges carried by each particle and its radius were deter- 
mined. The distribution of the fractional numbers carrying any assigned 
number of ions was then plotted as shown in the accompanying figures. 
Between 200 and 500 individual measurements were made to determine 
each curve. Figures 1 and 2 are representative samples of a number of meas- 
urements and these show very clearly that the fractional number of un- 
charged droplets in an environment where the conductivity ratios differ 
appreciably from unity is small. All measurements show that when the 
negative conductivity exceeds the positive conductivity a large majority 
of cloud droplets bear a negative charge. The number of negative charges, 
y, corresponding to the maximum of the distribution curve Eq. [3] is imme- 
diately calculable from Eq. [2], assuming that the relative fall velocity V 
of the particles is small. 


LV. Discussion 


Employing straightforward kinetic theory methods it was shown in earlier 
papers (1, 2) that the magnitude and distribution of the charges on aerosol 
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particles were determined primarily by the probability of capture of the 
light ions in the atmosphere. These bombard the droplet as a result of 
their thermal motions and the relative probability of capture is measured 
by the ratio of the conductivities of the light ions. Thus, a Gaussian-like 
distribution symmetrical about the zero charge axis is produced whenever 
the conductivity ratio \,/A_ is unity. However, if the positive and nega- 
tive conductivities are appreciably different the distribution curve is sys- 
tematically displaced towards the sign of the predominant ion. Carrying out 
an analysis of this concept Ross Gunn has shown (2) that the fractional 
number of particles F,/F; carrying a given number of elementary charges 
x is given by the basic aerosol electrification equation 


akT )) 
e€ ( e xf, (3] 
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where F’, is the number of particles per unit volume, carrying x elementary 
charges, and F, is the total number of particles per unit volume. This 
basic equation describes not only the random charge carried by aerosol 
particles but also the systematic charge that is made evident in the fore- 
going measurements. For the purpose of comparing this diffusion theory 
with our measurements, we have plotted as smooth curves in Figs. 1 and 
2 the distribution predicted by Eq. [3] using measured values for the con- 
ductivity ratio and the mean particle radius. It may be seen that the 
theoretical expression of Eq. [3] well describes the observations and pre- 
dicts the systematic displacement of the distribution curves towards the 
negative charge just as the measured values of the conductivity ratio indi- 
cated on each curve imply. Our earlier measurements showed that if as 
many as 2500 droplets were measured the statistics were greatly improved 
and irregularities of the experimental curve as shown by Figs. 1 and 2 
largely disappeared. 


V. CoNncLUSION 


This series of analytical and experimental studies (1-4) shows very clearly 
the importance of ionic diffusion processes in establishing the observed 
free charges on aerosol particles. The basic charge distribution equation 
given above represents the observed phenomena as well as the measured 
data. The equation predicts not only the statistical charging and distribu- 
tions observed when the conductivities of the positive and negative ions 
are equal, but also when the conductivity ratios differ from unity. This 
experimental investigation supports, in every detail, the view that the 
electrification of aged aerosols is due to the thermal diffusion of light ions 
that are normally present throughout the atmosphere. 
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ABSTRACT 


The effect of Methocel (Dow methylcellulose) on the electrolyte stability of dilute 
synthetic latexes has been studied using a centrifuging technique in conjunction with 
turbidity measurements as a means of determining stability. 

Stability studies on dilute styrene latexes appear to conform to the general con- 
cepts associated with hydrophobic colloids. 

The effect of the addition of Methocel on the electrolyte stability of the dilute 
latex is similar to the sensitizing and protecting action exhibited by certain hydro- 
philic colloids on hydrophobic colloids. The protecting effect occurs at approxi- 
mately theoretical surface coverage of the latex particles by a monolayer of Methocel. 
The electrolyte stability under these conditions is much less sensitive to small 
changes in electrolyte concentration. The molecular weight of the Methocel does not 
appreciably affect the amount necessary for the protecting action. 

With addition of emulsifier to the diluted latex, the amount of Methocel required 
for the protecting effect is decreased and precluded from adsorption when the parti- 
cles are covered by emulsifier. 


INTRODUCTION 


In many commercial applications of synthetic latex, it is often desirable 
to add a protective colloid or a thickening agent to the latex to improve its 
process behavior. The question is often raised, how do such compounds 
function in terms of an interfacial or adsorption phenomenon and their 
effect on the colloidal stability of the latex. Since hydrophilic colloids are 
generally used in these applications and latexes are characteristic of hydro- 
phobic colloids, it suggests a study similar to the well-known investigations 
of the effect of hydrophilic colloids on the electrolyte stability of hydro- 
phobie colloids. 

The electrolyte stability of a dilute synthetic latex may be considered in | 
terms of the general concepts associated with hydrophobic colloids. The 
stability is primarily controlled by the interaction of the electrical double 
layer of the latex particles formed by adsorption of emulsifier ions. Such a 
system is usually sensitive to electrolyte addition and its stability may be 

* Presented before the Division of Colloid Chemistry at the 126th Meeting of the 
American Chemical Society New York, New York, September, 1954. 
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represented by a coagulation value. The coagulation value as defined here 
corresponds to the electrolyte concentration in millimoles per liter neces- 
sary to produce complete coagulation under a given set of conditions. A 
factor which is also of interest in a stability study of this nature is the 
sensitivity of the colloid to electrolyte additions, which is a relative indica- 
tion of the hydrophobic or hydrophilic nature of the colloid. In general, 
the sensitivity of the system to coagulation by electrolyte addition de- 
creases as the colloid becomes more hydrophilic. 

When a hydrophilic colloid is added to a hydrophobic one, a sensitizing 
and protecting effect is often observed. The hydrophilic colloid is adsorbed 
on the surface of the hydrophobic particle which alters its interfacial prop- 
erties and, therefore, its stability. The sensitizing effect is usually found at 
low concentrations of the hydrophilic colloid and results in a region where 
the coagulation value is lower than that of the original colloid. At higher 

concentrations, the protective action is produced where the colloid is less 
susceptible to coagulation by electrolytes. The exact nature of these effects 
‘is not known; however, in a qualitative manner the sensitization has been 
attributed to formation of agglomerates of the hydrophobic particles held 
together by the hydrophilic ones. The protecting action is due to complete 
coverage of the hydrophobic particles by the hydrophilic colloid (1). The 
protected particles acquire the stability properties of the hydrophilic col- 
loid. 

To study this phenomenon in detail as it applies to a latex system, the 
effect of methylcellulose on the electrolyte stability of a dilute monodis- 
perse latex has been investigated. The methylcellulose served as a protec- 
tive hydrophilic colloid in this system. The thickening effect was eliminated 
by using dilute latexes of less than 2% polymer solids. 

During the course of this investigation, a paper by Diehle, Kraemer, and 
Klaus (2) appeared which reports a similar study by a somewhat different 
technique. While the present investigation confirms part of their results, 
considerable effort has been given to important related aspects of the prob- 

lem, which to our knowledge have not been previously considered. 


EXPERIMENTAL 

The latexes used for the stability studies were laboratory preparations 
which were essentially monodisperse as indicated by electron micrographs. 
Table I lists the average particle diameters and polymer compositions of 
the various latexes which were studied. The coagulating electrolytes were 
prepared from reagent grade salts dissolved in distilled water. The methyl- 
cellulose solutions were prepared from Dow Methocel, made up as 1% 
solutions. 

The coagulation values were determined by adding 1 ml. of the electro- 
lyte to a 10-ml. sample of the dilute latex and centrifuging the sample in a 
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TABLE I 
Reference Number and Particle Diameter of Latexes Studied 
Latex No. Composition Particle diam. microns 
1 Styrene 0.330 
2 Styrene 0.184 
3 Saran 0.125 


clinical type centrifuge. After 5 minutes of mild centrifuging (3300 r.p.m.), 
the coagulated material separated from the system leaving a serum con- 
taining the uncoagulated latex. A sample of the serum was quickly with- 
drawn and diluted with a known amount of nonionic soap solution (Noni- 
sol-100). This was done to prevent further coagulation and to dilute the 
sample for subsequent turbidity measurement on the diluted serum with 
reference to a calibration curve. The calibration curve was obtained from 
turbidity measurements on diluted samples of the original latex of known 
concentration. The turbidity measurements were made utilizing a 10-mm. 
path-length cell in conjunction with a B-S light-scattering photometer 
manufactured by the Phoenix Precision Instrument Co. The initial concen- 
tration of the latex used in each series of coagulation experiments was de- 
termined by centrifuging a 10-ml. sample of the latex with 1 ml. of dis- 
tilled water in place of the electrolyte and the concentration of the latex 
was obtained from the turbidity-concentration curve. For the polystyrene 
latex under these conditions, an insignificant amount of the latex was cen- 
trifuged down in the absence of added electrolyte. By selecting a suitable 
range of electrolyte concentrations, the degree of coagulation was con- 


trolled to produce values between 0 and 100% coagulation. When these — 


values were plotted as per cent coagulated vs. log c, where c is the concen- 
tration. of electrolyte in millimoles per liter based on total volume, the up- 
per range of the coagulation curve was extrapolated to the 100% coagula- 
tion value. The electrolyte concentration at this intercept represents the 
coagulation value for these conditions. 


RESULTS AND Discussion 


Coagulation Values: Effect of Valency of Coagulating Ion 


To illustrate this method of measuring latex stability and to verify the 
applicability of the Schulze-Hardy rule to latex systems (3), coagulation 
of Latex #1 consisting of 0.82% polymer solids was produced by NaCl, 
CaCl, and AlCl;. The Schulze-Hardy rule states that the flocculating 
power of an electrolyte depends upon the valence of the ion which has a 
charge opposite to that of the colloid particle. From consideration of a 
theory of the interaction of the double layers on hydrophobic sol particles, 
Verwey (4) concludes that for monovalent, divalent, and trivalent ions, the 
coagulation values should be in the ratio 1:(44)§: (14)® or 100:1.6:0.13. 
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Fie. 1. Dependence of coagulation value on valence of coagulating electrolyte. A— 
AIC];; B—CaCl.; C—NaCl. 


Since the latex particles are negatively charged, the coagulation values of 
the mono-, di-, and trivalent salts should conform to this relationship. 
In Fig. 1 is shown the dependence of coagulation on electrolyte concen- 
tration for the three electrolytes considered. The coagulation values ob- 
tained from these data by extrapolation to the 100% coagulation are 470, 
8.8, and 0.6 millimoles per liter for the Na, Ca, and Al salts. These values 
represent a ratio of approximately 100:1.8:0.13. This is in good agreement 
with the ratio 100:1.6:0.13 as derived by Verwey for the Schulze-Hardy 
relationship. 


Effect of Methocel on Latex Stability 


The effect of Methocel on the electrolyte stability of the latex was de- 
: termined by adding small amounts of the Methocel solution to the dilute 
latex, maintaining a constant polymer composition. The per cent of the 
latex coagulated for each electrolyte addition was determined as previously 
described. 

The effect of 15 cps. grade Methocel on the electrolyte stability of Latex 
#1 containing 0.82% polymer solids is shown in Fig. 2. The coagulating 
electrolyte was CaCl,. The data as presented are intended to indicate a 
coagulation value, the electrolyte concentration at 100% coagulation, as 
well as the sensitivity of the latex to electrolyte additions. Curve A repre- 
sents the coagulation of the original diluted latex with no addition of 
Methocel. It is to be noted that the stability is very sensitive to small 
changes in electrolyte concentration, as indicated by the slope of the line. 
The effect of Methocel on stability is shown by curves B-F for an in- 
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Fra. 2. Dependence of latex coagulation on Methocel and electrolyte concentration. 
Per cent Methocel on solids. A—0.00; B—0.31; C—0.61; D—1.22; E—1.83. 


crease in Methocel concentration from 0.31% to 1.83% based on polymer 
solids. It is evident that the stability is decreased up to a Methocel con- 
centration of 1.53%, Curve H, where it appears to remain constant at all 
electrolyte concentrations considered. Subsequent additions of Methocel 
produce an increase in the stability and apparently the stability is insensi- 
tive to the electrolyte addition. Curve F represents this latter case where 
essentially no coagulation is produced. Since the data are not suitable for 
extrapolation to obtain a coagulation value for each Methocel concentra- 
tion, the relative stability has been considered as the per cent of the latex 
remaining in suspension at a given electrolyte concentration. In Fig. 3 is 
shown the dependence of stability on Methocel concentration for several 
electrolyte concentrations. The three curves represent three electrolyte 
concentrations which indicate that the general shape of the stability curve 
is the same for different concentrations of the coagulating electrolyte. The 
stability increase after the initial sensitizing action appears to occur at a 
relatively constant Methocel concentration. 

To study this effect under different surface area conditions, several of the 
latex parameters were varied as well as the composition of the latex. In 
Fig. 4 is presented a composite plot of the stability of the various latex 
systems as a function of the weight of Methocel per square Angstrom of 
latex surface area. The Methocel concentration was plotted in this manner 
to permit a comparison of the stability with the surface coverage of the 
particles by the Methocel. Curves A and B represent the stability of Latex 
*1 consisting of 0.82% and 1.74% polymer solids coagulated by 5 milli- 
moles per liter CaCls. The stability shown in Curve C is for Latex #2, 
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Fic. 3. Dependence of latex stability on Methocel and electrolyte concentration. 
Coagulating electrolyte CaCl.. A—1 mM./1.; B—5 mM./1.; C—10 mM./I. 
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_ Fia. 4. Dependence of latex stability on surface coverage by Methocel. A—latex 
'%1,0.82% solids, 5 mM./l. CaCl; B—latex #1, 1.74% solids, 5 mM./I. CaCl,; C— 
latex *2, 0.88% solids, 5 mM./l. CaCl,; D—latex *2, 0.88% solids, 350 mM./I. 
NaCl; E—latex *3, 1.47% solids, 5 mM./I. CaCh. 
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0.88 % polymer solids coagulated by 5 millimoles per liter CaCl». The same 
latex coagulated by 350 millimoles per liter NaCl is given in Curve D. 
The two electrolytes were used to determine whether the stability curves 
were affected by the valence of the coagulating ion. It appears that there 
is no appreciable difference in the amount of Methocel necessary to pro- 
duce the protecting action against coagulation by the mono- and divalent 
coagulating ions. Latex ¥ 3 of 1.47% solids coagulated with 5 millimoles 
per liter CaClz is shown in Curve F. 

The increase in stability which is shown in Figure 4 appears to occur ina 
narrow range of Methocel concentrations for all the systems considered, 
suggesting that this effect may be due to a surface coverage phenomenon 
whereby the particles are covered by a monolayer of Methocel. If this is 
the case, the amount of Methocel necessary to produce the protecting ac- 
tion can be predicted from consideration of the total surface area of the 
latex particles and the amount of surface area covered by a Methocel 
molecule. The dimensions of the cellobiose unit have been determined by 
X-ray measurements which give approximately 40 A? as the area covered 
by a glucose unit (5). This should be a good approximation for the Metho- 
cel monomer molecule of molecular weight 190. Diehle et al. (2) make use 
of a value equivalent to 40 A’ as the area covered by a methylcellulose 
monomer unit. 

Based on the assumption that each Methocel monomer unit covers 40 
A? as a monolayer, 7.9 X 10-2 mg. of Methocel would cover 1 A? of surface 
area. Consideration of Fig. 4 indicates that this value would correspond to 


the Methocel concentration where the latex stability increases after the | 


minimum. Therefore, the increase in stability or protective effect after the 
sensitization appears to coincide fairly well with the Methocel concentra- 
tion necessary to produce surface coverage. This is only a first approxima- 
tion, since the amount of Methocel in the aqueous phase has not been con- 
sidered as well as the initial coverage of the latex by the emulsifier ; 
however, they tend to cancel each other. 

The decrease in stability or sensitizing action is accompanied by a de- 
crease in mobility of the suspended particles (2) which indicates that the 
zeta-potential is decreased and is a prime factor in determining the stabil- 
ity of the latex system. It has also been observed that in this region where 
the latex is sensitized by the Methocel there is limited aggregation before 
the addition of the coagulating electrolyte (6). At complete surface cover- 
age of the particles by the Methocel, the aggregates appear to disperse 
and the particles are stabilized by the hydrophilic nature of the protective 
Methocel layer. 

The preceding considerations have been limited to a relatively low molec- 
ular weight Methocel. Since molecular weight might be a factor influenc- 
ing the surface coverage or protecting action due to steric effects (7), 
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Fic. 5. Dependence of latex stability on Methocel molecular weight. A—15 eps. 
B—400 eps.; C—4000 cps. 

‘several higher molecular weights were considered. Three different grades 
of Methocel were considered; the viscosities of their 2% solutions were 15, 
400, and 4000 cps. The effect of the molecular weight of Methocel on the 
electrolyte stability of the dilute latex is shown in Fig. 5. The latex, «1 
of 0.82 % polymer solids, was coagulated with 5.0 millimoles per liter CaCls. 
‘There appears to be only a small dependence on the molecular weight for 
producing the increase in stability or protective effect. The small difference 
in protective action is probably due to experimental variations in prepa- 
ration and coagulation of the various latex systems. 

The Effect of Added Emulsifier on the Protective Action of Methocel 


: In many cases, it has been observed that the addition of emulsifier to a 
concentrated latex influences the effect of Methocel as a thickener, as well 
s the final stability of the latex system. Since the systems considered 
reviously contained relatively little free emulsifier and very little surface 
overage by the emulsifier, indicated by surface tensions in the vicinity of 
0 dynes per centimeter, the effect of further emulsifier addition on. the 
lectrolyte stability has been studied. ; 
The latex system used for this phase of the investigation was Latex #1 
of 0.82% solids. The added emulsifier was an alkyl-aryl sulfonate added 
bs a powder to the dilute latex. The concentration of the added emulsifier 
| 


we 


» 
i 
: 

% 


268 F. L. SAUNDERS AND J. W. SANDERS 


STABILITY 


20 


ob—ss-a Os 08 10 12 

PERCENT METHOCEL 

(ON LATEX SOLIDS) 

Fic, 6. Dependence of latex stability on Methocel concentration with added emul- ' 

sifier. Emulsifier concentration g./g. latex solids. A—0.00; B—0.008; C—0.015; D— 
0.026; E—0.037; F—0.060; G—0.10; H—0.80. 
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was recorded in grams of active emulsifier per gram of latex solids. The 
surface tension of the resulting latex was also determined to indicate the 
relative amount of emulsifier in the water phase. A duNoity Tensiometer 
was used for these measurements. 

The effect of added emulsifier on the electrolyte stability curves when 
Methocel was added to the latex is presented in Fig. 6. Curves A-H repre- 
sent increasing amounts of emulsifier added to the dilute latex. The stabil- 
ity curves shown in Fig. 6 were obtained from per cent coagulation vs. — 
electrolyte concentration curves as previously described. The coagulating — 
electrolyte concentration was 5 millimoles per liter CaCl». The various 
emulsifier additions and the surface tension of the latex before the addition ~ 
of the Methocel are given in Table IT. ‘ 

From Fig. 6, it is evident that the presence of the emulsifier affects the rs 
behavior of the Methocel as a protective colloid. With an increase in emul 
sifier concentration, the protective effect is observed at a lower Methocel | 
concentration. The calculated surface coverage of the latex particles by : 
Methocel for this latex occurs at approximately 1.4% based on polymer — 
solids. The lower initial stability of the latex with increasing enulsifienl 
content is due to the presence of electrolyte in the added emulsifier. As a 
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TABLE II 
Emulsifier Concentration and Surface Tension of Latexes Presented in Figure 6 

Added emulsifier Surface tension of Curve in 

g./g. latex solids latex, dynes/cm. Fig. 6 
0.000 73 A 
0.008 68 B 
0.015 65 Cc 
0.026 58 D 
0.037 52 1D; 
0.060 45 F 
0.10 36 G 
0.80 33 H 


result, the stability is less to a given concentration of added electrolyte. 
The stability of a latex is generally increased by an increase in adsorbed 
emulsifier ions and decreased by an increase in ionic strength. For these 
dilute latexes at high emulsifier concentration, the latter effect appears to 
be the dominating factor. Nevertheless, Fig. 6 serves to illustrate the effect 
of added emulsifier on the sensitizing and protecting effect of Methocel. 
The interpretation of the data presented in Fig. 6 appears to depend in 
part upon the distribution of the added emulsifier between the aqueous 
phase and the particle. Maron et al. (8) have shown by surface tension ti- 
tration of a latex with emulsifier, that the minimum in surface tension 
corresponds to micelle formation and surface coverage of the particle. 
Therefore, if one assumes that the minimum in surface tension of the latex 
ndicates surface coverage of the particles by the emulsifier, the addition 
of emulsifier up to this point would result in decreasing the free-surface 
wea of the particles. From consideration of Fig. 6, it appears that with 
nereasing soap concentration and consequently increasing coverage by the 
mulsifier, it takes less Methocel to produce the stabilizing effect. This 
uggests a competition between Methocel and the emulsifier for the par- 
icle surface with the emulsifier having the greater affinity. In the dilute 
atex with no addition of emulsifier, there is only a small amount of emul- 
ifier on the particle surface and the added Methocel effectively covers the 
ntire surface. With increased coverage of the particle by the emulsifier, a 
maller amount of Methocel is necessary to produce complete coverage of 
he particle. Finally, when the surface is covered by the emulsifier, the 
fethocel is precluded from adsorption and has little effect on the stability 
the latex. 
One aspect of the electrolyte stability which is not shown by Fig. 6 is 
ne sensitivity of the latex system to electrolyte addition. For curves A—F, 
il the stability vs. electrolyte concentration curves were similar to those 
: Fig. 3, in which the sensitivity of the latex to electrolyte addition be- 
ime less with an increase in Methocel concentration. However, this was 
mt the case for the latexes with sufficient emulsifier to bring the surface 
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Fic. 7. Dependence of latex coagulation on Methocel and electrolyte concentration 
in presence of excess emulsifier. Per cent 15 eps. Methocel based on solids. A—0.00; 
B—0.31; C—0.61; D—1.22; E—1.59. 


tension near the minimum of 33 dynes per centimeter, such as those repre- 
sented by curves G and H. In these systems, subsequent addition of Metho- 
cel did not produce a decrease in the sensitivity of the latex to electrolyte, 
but merely shifted the curve retaining a rather steep slope. This situation 
is shown in Fig. 7 for the latex considered in Curve H of Fig. 6. Comparison 
of Figs. 2 and 7 indicate a definite change in the effect of Methocel on the 
stability of the latex to electrolyte concentration. The sensitivity of the 


latex appears to remain the same at all concentrations of added Methocel. — | 


This indicates that the stability is controlled by the adsorbed emulsifier _ 
ions, and the hydrophilic Methocel has no significant effect on the stability. — 


SUMMARY 


The effect of Methocel on the electrolyte stability of dilute latexes ap- — 
peared to be similar to the sensitizing and protecting action observed when 
certain hydrophilic colloids are added to hydrophobic colloids. When a 
small amount of Methocel was added to a dilute latex, the Methocel was 
adsorbed at the polymer-water interface. As a result, the zeta-potential 
was reduced, aggregates formed, and the electrolyte stability decreased. 
When sufficient Methocel was present to cover the surface of the particles, 
a protective action was produced which stabilized the particles by the 
hydrophilic nature of the Methocel layer. In latex systems where there 
was little emulsifier, the protecting action appeared to occur when the sur-_ 
face of the particles was covered by a monolayer of Methocel. The molecu-~ 
lar weight of the Methocel did not appreciably affect the amount necessary 
to produce the protective action. 


When additional emulsifier was added to the latex, the protecting action 
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f the Methocel took place at a lower Methocel concentration. The pro- 
ecting action appeared to depend upon the complete surface coverage of 
he particles by adsorption of emulsifier and Methocel in an additive man- 
er. The greater the amount of Methocel necessary to produce surface 
overage, the greater was the hydrophilic nature of the protected particles. 
Nith increased amounts of emulsifier, less Methocel was necessary to 
roduce surface coverage and consequently the colloid was less hydro- 
hilic. With complete coverage by emulsifier, the Methocel did not appear 
o be adsorbed and the latex stability was controlled primarily by the 
louble layer associated with the adsorbed emulsifier. 
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ABSTRACT 


The effect of detergents, electrolytes, and organic liquids on the cloud point of 
Triton X-100, a nonionic emulsifier of the alkylphenol/polyethylene oxide type, is 
described. The lowering of the cloud point in dilute aqueous solution by electrolyte 
is a linear function of the ionic strength. The observed salting-out effect for the alkali © 
metal and multivalent cations is roughly in the order of decreasing ion hydration. 
Crystalline nonelectrolytes eause only slight cloud point changes. 

Nonpolar liquids and anionic detergents significantly raise the cloud point of the 
nonionic emulsifier. As the polarity of the organic solubilizate. is increased by intro- | 
duction of double bonds and more polar constituent groups, the increase in cloud 
point is less marked. Aromatics and polar aliphatics even cause the cloud point to be 
sharply decreased. 

The cloud points of mixtures of nonionic emulsifiers lie intermediate between the 
cloud points of.solutions of the pure components. 


INTRODUCTION 


Most nonionic surface-active agents are prepared by reacting a water- 
insoluble material, such as an alkyl phenol, with ethylene oxide so that — 
the product is an oil-soluble group attached to a water-soluble polyethylene 
oxide chain. The overall degree of water or oil solubility of the material 
may be varied by changing the ratio of the hydrophilic and the hydro-_ 
phobic portions of the molecule. i 

The high water solubility of the polyethylene oxide chain is due to~ 
hydrogen bonding between the solvent and the ether oxygen atoms in © 
the chain. Since hydrogen bonding is a temperature-sensitive phenomenon, i 
for each nonionic emulsifier molecule there exists a temperature at which 
the degree of hydration of the hydrophilic portion is just insufficient to ; 
solubilize the remaining hydrocarbon fragment. Consequently, the emulsi-- 
fier separates from the solution. In spite of the broad molecular weight 
distribution which characterizes most commercial preparations (1), this is 
generally a well-defined temperature and is called the “cloud point.” 
Usually, for a given hydrophobic unit, a molecule with a large polyethylene 
oxide tail can exist in solution at a higher temperature owing to a greater 
amount of hydrogen bonding than can a molecule with a shorter poly- 
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ethylene oxide tail, so that the magnitude of the cloud point is roughly 
proportional to the water solubility of the material. 

The following will convey some idea of the extent of hydration of a 
typical nonionic emulsifier. Triton X-100 is the adduct of t-octylphenol 
and 8 to 10 moles of ethylene oxide. The average molecular weight is 
about 680. Kushner and Hubbard (2) calculate from their viscosity data 
that 43 molecules of water are kinetically bound to each micellar Triton 
molecule at room temperature. Since the Triton molecule contains 10 
ethylene oxide units, there are 10 ether oxygens which are capable of hy- 
dration. Each of these would accommodate about 2 water molecules so 
that approximately half of the bound water is actually hydrogen-bonded 
while half is trapped by these solvated tentacles extending into the solvent. 

Weiden and Norton (3) have pointed out that as a third component 
such as benzene or phenol is added to nonionic detergent solutions, the 
cloud point is significantly lowered. This phenomenon was attributed to 
the decreased hydrophilic character of the detergent micelle resulting 
from the incorporation of the third component (or solubilizate). Livingston 
(4) suggested that pH may have an important effect on the cloud point 
lowering by phenols. 

_ This paper presents experimental results on the effect of various addi- 
tives on the cloud point of dilute aqueous solutions of Triton X-100. 


HXPERIMENTAL 


Triton X-100 was used as received from the Rohm and Haas Company, 
who offer this material as an essentially 100% active agent. Anionic and 
other nonionic surface-active agents were also the unmodified commercial 
preparations. Solubilizates were either distilled commercial grade ma- 
terials or Eastman white label stock. The salts were Baker and Adamson 
reagent grade. 

Cloud points were measured in 4-dram screw cap vials. Approximately 
12.5 g. of 2% detergent solution was weighed in, followed by varying small 
amounts of the third component. Free space in the vial was about 2 ml. 
For the electrolyte systems, stock salt solutions were prepared to which 
were added the required amount of Triton. In the case of Triton/water/ 
Jodecane/ethylene dichloride systems, stock Triton/water/dodecane 

ixtures were prepared and agitated for 2 days on a shaker. Portions of 
his homogenized stock were weighed into the vials as above and weighed 

mounts of ethylene dichloride were added as indicated. 

The vial was attached horizontally to the shaft of a Miller Vibro Mixer 
Fisher Scientific Co.) by means of a special fixture devised from a hose 
Jamp. The cloud point was determined while the vial was agitated in a 
emperature-controlled bath of dioctyl phthalate. The Vibro Mixer pro- 
ded a 120 c.p.s. mechanical oscillation of variable (low) amplitude so 
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TABLE I 
Cloud Point-Concentration Relationship for Triton X -100 
Wt. % Triton Cloud point, °C. 
0.25 64 
0.50 64 
2.0 64 
4.0 64 
7.0 65 
10.0 66 
13.0 67 
16.0 68.5 
20.0 70 
33.0 76 


that efficient mixing could be achieved during continuous observation of 
the tube contents. Temperature was regulated by a Cenco-deKhotinsky 
thermoregulator. The regulator was adjusted manually until a tempera- 
ture just below the cloud point was reached. A slow and careful increase 
in temperature then permitted accurate observation of the point of cloud- 
ing. Check determinations were run on each cloud point. In general, a 
system was observed to cloud about one degree higher on heating than it 
cleared on cooling. It is the higher temperature that was recorded as the 
cloud point. 

The pH measurements were made on a Beckman Model G laboratory 
pH meter. 


RESULTS AND DISCUSSION 


The cloud points of aqueous solutions of Triton X-100 are substantially — 
constant over a wide concentration range as shown in Table I. The present 
study was made using 2% solutions unless otherwise indicated. 

The precipitation of Triton molecules out of solution above the cloud 
point was demonstrated by holding a quantity of 2% Triton solution at 
76°C. for 24 hours, whereupon it was found that a detergent-rich phase 
had separated. The top layer, 0.12 weight per cent in Triton, weighed 
about 17 times as much as the bottom layer, which was 32.6 weight per — 
cent in Triton. The upper layer, displaying no cloud point under 100°C., 
was probably made up largely of the higher polyethylene oxide fractions 
of this normally polydisperse product. The concentrated layer had a 
sharp cloud point at 76°C. Prolonged heating at a higher temperature — 
might effect a more complete separation of Triton from solution. Fine- . 
man and co-workers (5) have shown that foaming of this type of agent 
decreases sharply above the cloud point owing to separation of the solute. 

When a solubilizate such as benzene is added to the Triton solution, as 
shown in Fig. 1, the cloud point is depressed. Other aromatics such as 
phenol and aniline likewise cause the cloud point to be lowered. This 
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Fig. 1. The effect of solubilizates on the cloud point of 2% Triton X-100 solutions. 


property of cloud point lowering is useful in a practical way in determining 
the apparent cloud points of very hydrophilic nonionic emulsifiers. Since 
the cloud points of such materials may exceed the boiling point of the 
solution, the direct measurement is experimentally inconvenient. By add- 
ing in increments a material such as benzene, a cloud point exceeding 
100°C. may be determined from measurements at lower temperatures by 
extrapolation of the cloud point depression curve to zero solubilizate con- 
centration. 
_ A system which was 2% in Triton and contained 0.483 weight per cent 
henol exhibited a cloud point of 24.5°C. Upon standing at room tempera- 
for 1 day, a phase separation occurred. The volume of the upper layer 
was estimated to be 12 times that of the lower layer. The cloud points of 
the layers were 34° and 62°C., respectively. Analytical data on the com- 
position of each phase are required before further interpretation of this 
phenomenon can be made since, as pointed out by Weiden and Norton 
(3) and as shown in Fig. 2 for ethylene dichloride, a given amount of 
olubilizate produces a greater lowering in cloud point for a dilute Triton 
olution than for a more concentrated one. 

The presence of phenol in both layers of the Triton/phenol system was 
emonstrated by adding ferric chloride which reacts with phenol in aque- 
us solution to produce a blue coloration. Since the coloration in the top 
ayer was extremely slight, it was concluded that both the phenol and 
he Triton were concentrated in the bottom layer. In a similar experiment 
with Triton and sodium sulfate, the volume ratio of the layers was re- 

r ersed. In this case the bottom layer was the larger. The presence of salt 
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Fic. 2. The effect of emulsifier concentration on the cloud point lowering 
by a solubilizate. 
Fic. 3. The additivity of cloud point effects. 


in both layers was indicated by the addition of barium chloride solution. — 


The partition of Triton was not determined. 

The ability to change the cloud point is not confined to aromatics, 
although from the limited amount of data reported here it would appear 
that they are particularly active. It is seen in Fig. 1 that not only do added © 
solubilizates effect a decrease but also some solubilizates can bring about 
an increase in the cloud point of Triton X-100 solutions. No adequate : 
explanation of this phenomenon can be offered at this time. It is inter- — 
esting to note, as in Fig. 3, that the effects are additive. That is, the addi- — 
tion of dodecane to the Triton/ethylene dichloride system serves to dis- 
place upwards the normal cloud point depression curve. 

The ability of the longer chain hydrocarbons to elevate the cloud point 
of Triton solutions increases as a function of hydrocarbon chain length. 
This is seen in Fig. 1 and even more clearly in Fig. 4, where the cloud 
point function for 19 solubilizates is plotted against concentration. For 
the higher molecular weight hydrocarbons, the cloud point curves level 
off at solubilizate concentrations of 1% or less. Increased polarity arising 
from the introduction of a double bond serves to decrease the ability of 
the solubilizate to elevate the cloud point. This is seen in a comparison of 
tetradecene-1 with the other hydrocarbons in Fig. 4. The unsaturated Cy 
chain is less active in elevating the cloud point than is the saturated Cio 
material. The curve for Ci, mercaptan lies below the curve for tetradecene-l. 
This provides a direct comparison between two types of polar groupings. 
The introduction of sufficient polarity in the solubilizate may even serve 
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Fig. 4. The effect of solubilizates on the cloud point of 2% Triton X-100 solutions. 
Solubilizates: 1. Cetane; 2. Dodecane; 3. Decane; 4. Tetradecene-1; 5. n-Tetradecyl 
mercaptan; 6. Acetone; 7. Citric acid; 8. n-Octene; 9. Hexane; 10. 2-Ethyl hexene; 
11. Cyclohexane; 12. Aniline; 13. Butyl acetate; 14. Ethylene dichloride; 14. Phenol 
and oleic acid; 16. Lauryl alcohol and nitrobenzene; 17. Benzene. 


to reverse the effect of the solubilizate on the cloud point. For example, 
oleic acid, which contains both double bond and carboxyl grouping, lowers 
the cloud point significantly at all measured concentrations. Similarly, the 
polar alcohol group shifts the curve downward as may be observed by 
comparing lauryl alcohol with dodecane. Esters likewise depress the cloud 
point as seen in the case of butyl acetate. The effect of a ketone group is 
intermediate. Acetone causes a gradual increase in cloud point as does 
methyl ethyl ketone, the curve for which, although not shown, is almost 
flat and lies just below the one shown for acetone. Thus the polarity 
argument appears to be a reasonably consistent one in the case of the 
-aliphatics. The fact that fewer data are available on aromatics does not 
permit one to carry this point of view forward for that class of compounds. 
: It is to be noted, however, that benzene sharply depresses the cloud point. 
_ The influence of solubilizate polarity on the magnitude of the cloud 
point lowering might be partly rationalized as follows. Nonpolar solubili- 
: zates are held tightly in the interior of the micelles where the immediate 
environment is likewise nonpolar. More polar solubilizates are also held 
in the oil soluble micelle center but are held there less tightly and would 
tend to migrate toward the outside owing to the polar attraction of the 
‘polyethylene oxide chains. This decreases the hydrophilic nature of the 
nearest ethylene oxide units which results in a loss of some hydration. The 
net effect might then be to make the system resemble an emulsifier with a 
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shorter ethylene oxide chain, 1.e., the cloud point is lowered. As more and 
more solubilizate is introduced, more and more hydrogen-bonded water 
molecules are released to the environment until the point is reached where 
the entire emulsifier molecule finds itself in an atmosphere sufficiently rich 
in solubilizate that the system remains turbid at all temperatures. This 
extreme state is real and places a limitation on the amount of solubilizate 
which can be added to the Triton system to produce sharp cloud points. 
Even before this point is reached, the cloud points tend to be more and 
more diffuse at higher solubilizate concentrations. The turbidity at high 
solubilizate concentrations may also be due in part to droplets of excess 
solubilizate, particularly at the lower temperatures. This explanation does 
not, of course, account for an increase in cloud point as a function of added 
solubilizate nor does it render the appearance of a minimum in the curve 
more understandable. 

The effect of cyclization is shown in a comparison of hexane with cyclo- 
hexane in Fig. 4. The initial slope of the cyclohexane curve is greater than 
that for hexane, although both exhibit the same general characteristics. 
The cyclohexane curve is intermediate between the hexane and the benzene 
curves. Little effect can be attributed to chain branching as is seen in a 
comparison of n-octene with 2-ethyl hexene. The branched chain has the 
slightly lower cloud point curve. 

The suggestion by Livingston (4) that the cloud point function may be 
pH-sensitive has been examined. Measurements of pH were made on 
samples of the phenol/Triton system where, as expected, the pH decreases 
as phenol concentration increases. This is shown in Table II. The influence 


of pH on the cloud point was then determined by measuring the cloud " 


point of 2% Triton in disodium phosphate/citric acid buffer mixtures with 
no added solubilizate. Figure 5 reveals the linear relationship obtained over 
a pH range of 2 to 9 units. The cloud point is seen to change 22°C. over 


Cloud Point, °C. 


pH 


Fic. 5. The apparent variation of cloud point with pH of buffered 2% Triton X-100 — 
solutions. : 


¥ 
¥ 
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TABLE II 
Cloud Point and pH of the Phenol/Triton System 
g. phenol/100 g. 


2% Triton soln. pH CPE 
0 6.73 64 
0.1778 6.83 52 
0.2606 6.60 45.5 
0.3198 6.55 4] 
0.4963 6.40 26 
0.5984 6.32 18 

TABLE III 


Contributions of Buffer Components to the Cloud Point of Triton X-100 
g. NazHPO./100 g. 


2% Triton soln. pH CPG: 
0 6.73 64 
0.4924 8.87 61 
0.9711 8.98 58 
1.450 8.92 55.5 
1.943 9.00 52.5 
2.65 9.00 48 

g. citric acid/100 g. 

2% Triton soln. pH CIPE LG 
0 6.73 64 
0.5220 2.33 65 
0.9844 2.20 65.5 
1.459 2.10 66 
1.90 2.10 66.5 


the indicated pH range. Now the cloud point of an unbuffered 2% Triton 
‘solution is 64°C. and its pH is 6.7. At this pH, Fig. 5 indicates a cloud 
point of 52°C. This clearly implies the existence of a salt effect on the 
cloud point. 

Consequently, the effects of disodium phosphate and citric acid on the 
cloud point of Triton X-100 solutions were measured separately. As seen 
in Table III, the solutions containing phosphate cover a wide range in 
cloud point variation while the pH of these solutions varies less than two 
tenths of a pH unit. Citric acid causes a very slight increase in cloud point 
and the pH values are, of course, very low. In both cases, the cloud point 
is a linear function of the concentration of the added third component. 
From these two curves it may be shown that the cloud point functions for 
citric acid and disodium phosphate are additive. That is, the cloud points 
for the buffer mixture can be calculated from the known individual contri- 
butions of the two components using a linear equation. 

These facts strongly suggest that pH, of itself, does not directly affect 
the cloud point and solubility of nonionic emulsifiers of the polyethylene 
oxide type. According to Livingston (4), pH does affect the solubility of 
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TABLE IV 
HCl/Triton Solutions 
pH CPG. 
1.4 64 
3.0 64 
5.2 64 
Ut 64 


phenols (or phenolates) which may therefore influence the magnitude of 
the effect of these materials on the cloud point. 

It should be possible to separate pH effects, if they exist, from electrolyte 
effects on the cloud point if there were available a method to vary one 
without introducing effects from the other. This has been done by adding 


small amounts of hydrochloric acid to large volumes of 2% Triton solution © 


so that the pH could be varied at extremely low electrolyte concentrations. 
The data in Table IV indicate that the total electrolyte concentration is 
the important variable. The pH has been varied over a six-unit range, yet 
the electrolyte level is, in all cases, too low to influence the cloud point.! 

From the foregoing, it would appear then that a solubilizate may affect 
the water solubility of a nonionic emulsifier in either of two ways: (a) by 
changing the structure of the micelle by penetration or (b) by dissolving 
in the water phase and thus changing the environment of the micelles. For 
materials insoluble in water such as benzene and other hydrocarbons, 
mechanism (a) must apply. In the case of strong electrolytes (vide infra) 
and other water-soluble addends, mechanism (b) pertains. The work of 
Livingston (4) suggests that, for phenols, pH has an indirect effect on 
cloud point since, by changing pH, the water solubility of the phenol is 
influenced and hence an environmental change in the medium around the 
micelle is effected. 

At the higher levels, salts exert a profound influence as may be seen in 
Fig. 6, where the cloud points of Triton solutions are plotted as a function 
of added electrolyte. Certain solution properties of nonelectrolytes, notably 
the activity coefficient, vary directly with the ionic strength of the medium 
rather than with the square root of the ionic strength as is the rule for 
electrolytes. It is interesting to note in this case that the cloud point 
curves for a nonionic emulsifier are linear in the ionic strength of the added 
electrolyte. 

Comparing the monovalent cations, the effectiveness in cloud point 
lowering increases in the order lithium, sodium, and potassium for the 
ease of the chlorides. This is the order of increasing ionic radii and there- 


1 This conclusion is, however, confused by the fact that the behavior of the non- 
ionics in mineral acid solutions differs from their behavior in salt solutions. The ether 
linkages are weakly cationic and will form oxonium salts with mineral.acids. These 
salts should be more water-soluble than the free nonionic emulsifier. 
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Fic. 6. The effect of electrolytes on the cloud point of 2% Triton X-100 solutions. 


fore decreasing ion hydration. For the sulfates, the order of sodium and 
potassium is reversed. For the multivalent ions, calcium, with a larger 
crystallographic radius than aluminum, depresses the cloud point more at 
a given ionic strength, although the difference is not great. In view of the 
nature of this phenomenon, it would appear likely that the concepts of 
ion size and hydration should enter into the picture. However, the expected 
order is reversed. 

Harned and Owen have summarized the results of several determinations 
of the activity coefficients of neutral molecules in aqueous salt solutions 
(6). Their data for the salt effects on the activity coefficients of nitrous 
oxide, ethylene, diacetone alcohol, and ethy] acetate bear marked similarity 
to the results reported here in several respects: 

a. The logarithm of the activity coefficient is linear in the ionic strength 
of the medium. 

b. The effects are in the same direction as the cloud point data. That is, 
increased salt concentration leads to decreased solubility of the nonionic 
solute. 

c. The order of influence of the individual electrolytes is the same: 


Order of Decreasing Order of Decreasing 
Log y Influence on Cloud Point 

NasSO4 NasO,4 
K,S0O, 
Li.SO, 

NaCl KCl, NaCl 

KCl 

LiCl LiCl, CaCl. 

CaCl, 


AICl. AICI, 
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Note, too, that the electrolyte series are oriented in the same direction, 1.€., 
the same salts produce the most profound effects in each case. The great 
similarity in these effects on such dissimilar molecules should especially 
be noted. Harned and Owen proceed to point out that the electrostatic 
influence is an important part of the salting-out effect. The role of the ionic 
radius is confused, since the theoretical prediction of the order of effects 
does not agree with the observed results. 

It is known that electrolytes tend to dehydrate lyophilic colloids. This 
salting-out effect of an ion is generally larger, the smaller its size and the 
greater the charge it carries. As pointed out above, this does not seem to be 
true for the Triton systems. The salting-out effect of an electrolyte has 
been attributed to the congregation of dipolar molecules of the polarizable 
solvent around the ions of the added electrolyte. Owing to this attraction 
between the ions and the solvent, there is a tendency for the solvent to 
displace a less polar solute from the vicinity of any particular ion. The 
observed decrease in solubility may thus be due to the preferential orienta- 
tion of solvent molecules around the ions. 

It is interesting to compare these results with those of Doscher, Myers, 
and Atkins (7), who measured the turbidities and viscosities of Triton 
solutions in the presence of added electrolyte. These workers report the 
order for cations of increasing effectiveness in raising turbidities to be 
lithium, potassium, and sodium. Aluminum was somewhat lower than 
calcium. If it may be assumed that the order of increasing turbidity 
should correspond in our case with the order of increasing effectiveness as 
a cloud point depressant, then our results are in agreement with those of 
Doscher et al., with the exception of the sodium and potassium chlorides. 
These two curves on Fig. 6 are almost coincident, however, so that any 
disagreement is mild. The observed order of salting out for the alkali metal 
ions Na > K > Li does not agree with the lyotropic series in which 
lithium precedes sodium. The order for the anions is correct. It might be 
expected that the multivalent cations, aluminum and calcium, would be 
more effective than the monovalent alkali metal ions in salting out the 
Triton but this is contrary to experience. Doscher attributes this behavior 
to interaction of the multivalent metal ions with the polyethylene oxide 
chains of the nonionic detergent which produces a salting-in rather than a 
salting-out effect. 

As was the case with the organic liquids, polarity is important among 
crystalline materials. Crystalline nonelectrolytes exert only mild effects on 
the cloud point. A solution that is 2% in Triton and 18% in sucrose clouds 
114 degrees lower than it would if there were no sucrose present. Moreover, 
for a less polar crystalline nonelectrolyte such as urea, the effect is reversed. 
A solution which is 2% in Triton and 20% in urea has a cloud point which 
lies 14°C. above the normal Triton cloud point. 
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Fig. 7. The effect of anionic emulsifiers on the cloud points of dilute solutions of 
Triton X-100. (For an explanation of the abscissas, see text.) 


Mixtures of nonionic and anionic surface-active agents are important in 
certain industrial applications. Thus, it is of interest to determine the 
extent to which the presence of an anionic material modifies the solubility 
behavior of the nonionic agent. Cloud point measurements were made on 
systems composed of mixtures of 2% solutions of Triton X-100 and several 
anionic materials. It was found that, in the absence of a solubilizate, small 
amounts of anionic agent raise the cloud point of the nonionic. The mixtures 


generally do not display the sharp cloud points characteristic of the 


Triton X-100 alone, but rather cloud over a 10°-20°C. temperature range 
so that it is often impossible to find the cloud point in the usual sense. It 
does prove to be possible in some cases to determine within 1°C. the 
temperature at which the mixtures start to cloud, i.e., a blue haze first 
appears. This has been done for the Triton X-100/Triton X-200 and the 
Triton X-100/Nacconol NRSF systems where, in Fig. 7, this apparent 
cloud point is plotted against the weight per cent anionic component in 
the anionic/nonionic mixture. It should be borne in mind that in all cases 
the total detergent concentration is 2%. It is to be understood that the 
point of complete turbidity lies some 10°-20°C. higher. For the Triton 
X-100/Santomerse D and Triton X-100/Triton X-301 systems, some 
turbidity existed over an extremely wide temperature range. In these 
instances, the temperature at which the system became opaque was 
recorded as the apparent cloud point. No attempt was made to complicate 
these systems further by adding a solubilizate. It is to be expected that 
this would render the cloud point even more diffuse and any significant 
measurement would be impossible. 

It is suggested that the above phenomenon finds its basis in the forma- 
tion of mixed micelles. That is, if anionic agents which, of course, have no 
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Fig. 8. The cloud points of mixed nonionic emulsifier solutions. Cloud points of 
2% solutions of the pure components: Pluronic F68, 111°C.; Igepal CO850, 105°; 
Triton X-102, 88.5°; Pluronic L44, 63°.; Igepal C0630, 50°; Triton X-100, 64°. 


cloud points, enter into the formation of micelles with the nonionic, rather 
than each molecular species forming its own type of micelle, then at tem- 
peratures exceeding the nonionic cloud point, the anionic serves as a 
solubilizer for the now insoluble nonionic. If each formed its own micelle, 
there is little reason to expect the cloud point to be greatly changed by the 
presence of the anionic material. On the other hand, it is unlikely that the 
two species enter micelles in any prescribed stoichiometric proportions so 
that some micelles contain higher proportions of the anionic than others, 
with the result that the solubility behavior of different mixed micelles in 
the same solution is different. This could explain the diffuse nature of the 
cloud point in these mixed systems. Lack of data on micelle formation in 
nonionic and mixed anionic/nonionic systems prevents a quantitative 
treatment of this phenomenon. 

The dilute solution cloud point of a mixture of nonionic emulsifiers les 
somewhere intermediate between the cloud points of the two components. 
The exact temperature at which the mixture clouds is dependent upon the 
relative amounts of each component present. The variation is linear for 
the case of mixtures of 2% solutions of Triton X-100 and Triton X-102. 
These two materials are identical except that Triton X-102 contains on the 
average, 2-4 more ethylene oxide units per chain than does Triton X-100. 
Two cases of positive deviation from additivity are also to be seen in Fig. 
8 for the Pluronic and Igepal mixtures. Components in each of these pairs 
differ only in polyethylene oxide content. This behavior gives some indica- 
tion of the manner in which the cloud point of a polydisperse nonionic 
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emulsifier could be influenced by the type of molecular weight distribution 
which characterized it. It is quite apparent that long polyethylene oxide 
chains successfully solubilize the shorter homologues. 
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LETrerR TO THE EDITORS 


ON A HIDDEN ASSUMPTION IN THE STATISTICAL THEORY OF 
ION EXCHANGE OF DAVIS AND RIBLE 


In 1950 Davis (1) and Davis and Rible (2) published a statistical treat- 
ment of ion exchange equilibria in systems involving polyvalent ions analo- 
gous to Guggenheim’s treatment of mixtures with zero energies of mixing 
(3). Attention should be drawn to the fact that in the calculation of the 
value for g both Davis and Rible and Guggenheim tacitly assume that no 
site has two neighbors that are nearest neighbors one of another at the 
same time. In paragraph 9 of his article Guggenheim hints at this inac- 
curacy, which he considers to be small in three-dimensional arrays. Of the 
two-dimensional arrays the triangular array (2 = 6), which possesses the 
above characteristics, corresponds with atomic configurations in silicate 
minerals, for example, and is mentioned by Davis among the three most 
probable cases (1). 


% 03 % Oc fe) 
A 
“(rey SS 8 F 
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Placing a triatomic linear molecule or a trivalent ion A on a triangular 
array one can count 10 sites adjacent to A, whereas Guggenheim’s formula 
(2.1) gives gz = 14. If one chooses to include one of the sites 3, 4, 8, or 9, 
one mode only remains in two of the three lines through the chosen site for 
placing a second trivalent ion; on the third line parallel to A all three modes 
remain. So for these four sites my = (2 + 3)/9 = 5/9 and q, = 5/3, whereas 
formula (7) of Davis and Rible gives q, = 7/3. 

Although there may be some doubt as to the validity of the theoretical 
considerations, the formulas obtained give a good description of the experi- 
mental results, as was shown by Krishnamoorty and Overstreet (5). Their 
experiments also fit the “statistical formulas” better than the description 
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by means of “equivalent percentages’’, proposed by Kressman and Kit- 
chener (4). 
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BOOK REVIEWS 


Handbook of Hydrocarbons. By S. W. Frrris, Sun Oil Company, Marcus Hook, 
Pennsylvania. Academic Press Inc., New York, 1955. 324 pp. Price $8.50. 

Table A (19 pages) lists 675 hydrocarbons in order of their boiling points. In Table 
B they are arranged in groups of the same empirical formula and same type (alkane, 
alkene, etc.) with 752 references to the original literature. 

Table C gives the alternate names for these hydrocarbons with a key to Table B. 
Table D gives formulas for the cyclic hydrocarbons. 

This compilation should be very useful to anyone working in the oil industry. 

Vicror K. La Mgr, New York, New York 


Physicochemical Calculations. By E. A. GuaeernuEeim and J. HE. Prue. Inter- 
science Publishers, Inc., New York, 1955. xii, 491 pp. Price $7. 

This book is the result of the authors’ recognition of the need for ‘‘an up-to-date 
and representative collection of material with which to illustrate instruction in... 
many important fields of experimental work ... unsuited to the teaching labora- 
tory.’’ The book contains 171 problems which have been based upon publications 
in physical chemistry and chemical physics, much of which is recent. The selection 
is diversified and is grouped as follows: 

Atomic and Molecular Weights 

Avogadro’s Number 

Molecular Velocities 

Interatomic Distances 

Moments of Inertia 

Characteristic Frequencies 

Electric Moments and Polarizabilities 

Energies and Enthalpies 

Entropies 

Heat Capacities 

Equation of State 

Mixtures of Non-Electrolytes 

Electrolyte Solutions 

Conductance and Diffusion of Electrolytes 

Gaseous Equilibria 

Chemical Equilibria Involving Solids 

Solution Equilibria 

Acid-Base Equilibria 

General Electrolyte Equilibria 

Solid Surfaces 

Liquid Surfaces 

Gas Kinetics 

Solution Kinetics 

Radioactivity. 

The object of each problem is first concisely stated and each is further divided 
into four sections as follows: 
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1. Data, including detailed reference to the sources. 

2. Introduction, in which a brief outline of theory and method of calculation 
are given. 

3. Calculation—in which a complete numerical calculation is presented with 
units clearly indicated. 

4. Discussion—in which brief but enlightening remarks assess the results and 
relate them to other work when possible. 

The problems are on an advanced level and are suited for review or instruction 
in graduate work, but many of them are also suitable for use in the more compre- 
hensive undergraduate courses in physical chemistry being given in many colleges 
and universities. The complete numerical solutions are especially valuable for those 
using the book for self-instruction. 

Since the value of such a book as a teaching aid is greatly enhanced if the student 
(or teacher) first reviews theory in a suitable text in cases where it is not familiar, 
the addition of text book references (where possible), for persons of limited back- 
ground, would have been an extra convenience. 

R. H. Smeuuie, Jr., Hartford, Connecticut 


Electrolyte Solutions. The Measurement and Interpretation of Conductance, 
Chemical Potential and Diffusion. By R. A. Rosinson, D.Se., Ph.D., F.R.LC., 
Professor of Chemistry, University of Malaya, Singapore, and R. H. Stoxss, Ph.D., 
D.Sc., F.R.A.C.1., A.R.I.C., Reader in Physical Chemistry, University of Western 
Australia. Academic Press Inc., 125 East 23rd Street, New York 10, N. Y., 1955. 
xiii + 512 pp., 15 X 22.5 cm. Price $9.50. 

The subtitle indicates a vertical division into three fields and a horizontal di- 
vision into two stages. The level of the target reader seems to be the student who 
has had a first course in physical chemistry which omitted the study of electrolytes, 
but any more advanced reader will also find much to interest him. 

Measurement can also be divided into two stages, obtaining numbers in the lab- 
oratory, and converting them into usable numbers. The first of these is the best 
handled part of the book, and a laudable effort is made to play up those workers who 
have specialized in the development and use of extremely precise apparatus but who 
have not contributed to interpretation. For most measurements the reader can under- 
stand the principles from the text and can find the details of the best techniques 
from the references. Many of the more useful results are given in the appendices. 

There are a few surprising lapses, of which I give two examples. Almost a page 


(198) is given to a discussion of the measurements of the electromotive force of the 


cell H, | HCl | AgCl | Ag in the thesis of N. J. Anderson with T. F. Young, which is 
not available to most readers, but the discussion is limited to the fact that AgCl 
reacts at the platinum electrode. This is due to the unorthodox cell, in which all 
components were present at each electrode, which is probably completely unusable 
with any other system. No mention is made of the extreme precision of the results, 
which may also depend on the unorthodox cell, or of the fact that Anderson agrees 
with Carmody in obtaining a potential 0.2 mv. lower than the accepted value of less. 
careful workers. 

More important is the erroneous statement (p. 24) that deviation from the perfect: 
gas law is unimportant if ‘the vapour pressures of solution and solvent are always 
of similar magnitude.”’ The fact is that if In a, is replaced by In p4/P4 the result- 
ing osmotic coefficient does not approach unity at zero concentration unless the 
vapor is a perfect gas. It follows naturally that they do not discuss corrections to 
the vapor pressure measurements for deviations from the perfect gas laws, and do 
not mention the important fact that in their comparative measurements, the ac- 
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tivity of the water, as well as its pressure, is the same as in the standard solution. 
This is one reason why we prefer the older term, ‘‘sotonic,”’ which Bousefield re- 
jected in favor of “‘isopiestic’’ because to him ‘Gsotonic’’? connoted ideal solutions. 

It is surprising to read a discussion of diffusion which does not mention Einstein, 
but his contributions are given. It is surprising to me to read a discussion of electro- 
lytes which names Kirkwood only in connection with the theory of dielectrics. 
Kirkwood’s more direct contributions are not mentioned. 

The phenomena of electrolyte solutions must be interpreted by a combination of 
the physical and the chemical approaches. Many of the phenomena may be explained 
either way. An example is ‘salting out”’ which may be attributed to decrease in di- 
electric constant by the material salted out, or to removal of the solvent by chemical 
reaction with the material which salts out. If expression of the phenomena in chem- 
ical terms is included in chemical interpretation, this book represents the extreme 


in that direction. The existence of equivalent physical approaches is often not even — 


suggested. 

The statistical entropy in terms of volume fractions (Flory-Huggins, or free- 
volume) is discussed, but only the statistical entropy in terms of mole fractions 
(ideal) is used. The Debye theory is used in the form applicable to solutions of 
rigid, spherical ions, all of the same size, which do not alter the dielectric constant 
or the volume of the solution. All the rest of the free energy of mixing is attributed 
to solvation, with equilibrium constant so large that the solvation is independent 
of the concentration, or to association, although Bjerrum’s physical interpretation 
of association is discussed at length. 

There is no mention of the treatment of ions of different sizes or those with non- 
spherical symmetry. This omission and the discussion of the higher approximations 
of the Boltzmann exponential run the danger of leading the unwary reader to two 
dangerous pitfalls. The first is failure to see that ignoring an effect is as definite an 
assumption about it as determining it by even a crude approximation, and is often 
a much worse one. The second is an obsession about nonintegrability, or lack of 
linear superposition. The application of the Debye method to the higher terms in 
the Boltzmann exponential does involve nonintegrability, and the same difficulty 
may affect other extensions, but it does not influence the terms proportional to the 
concentration and is probably always less serious than other approximations. The 
method of Mayer is discussed, but no mention is made of the fact that this method 
avoids the difficulties of nonintegrability. 

The choice of Bjerrum’s method of treating the higher approximations as associa- 
tion may be justified because it is easily extended to other kinds of association. The 
reader is worried unnecessarily as to whether Bjerrum chose the equilibrium con- 
stant well. This constant must agree with the second osmotic virial coefficient, which 
has been calculated by Gronwall, LaMer, and Sandved, by Kirkwood, and by Mayer 
with three quite different approaches. All give the same answer, but Kirkwood’s 
expression is more convenient. 

A chemical interpretation of hydration must attribute to each ion a hydration 
number which is an integer and independent of the ions with which it is associated. 
The numbers obtained by the authors obey neither of these criteria. Glueckauf 
(Trans. Faraday Soc. 51, 1235 (1955)) has recently applied volume-fraction statistics 
to this problem and in the electrostatic treatment has assumed that the anhydrous 
component, not the hydrated ions, does not change the volume of the solution, but 
uses otherwise the same simplified form used here. He obtains hydration numbers 
about half those found by Robinson and Stokes. For the alkali and alkaline earth 
halides he gets integers to about 14 mole per mole, which is closely that of random 
numbers, and additivity to about 14 mole per mole. Of course the anhydrous com- 
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ponent also has volume, and electrolytes do affect the dielectric constant. Consider- 
ation of these factors will lead to different values of the hydration numbers. A reader 
who does not like any of these numbers may turn to the salting out of nonelectrolytes 
and to transport properties, where he will find a large variety. 
Space is lacking to discuss properly the treatments of conductance and of diffusion. 
If read with a proper disrespect for the hydration numbers, the whole book should 
be interesting and instructive to either a newcomer or the more advanced reader. 
GrorGE ScaTcHaRD, Cambridge, Mass. 


Ultrasonic Engineering with Particular Reference to High Power Applications. 
By Avan E. Crawrorp. Academic Press Inc., New York; Butterworths Scientific 
Publications, London, 1955. Volume 7, 344 pp. Price $8. 

“In the past the subject of ultrasonics has been considered to be in the physicists’ 
field of action; but with the advent of such established ultrasonic processes as metal 
coating and cleaning it must leave the laboratory and enter the province of the 
process engineer.” . . . ‘“The object of this book is to collect together and correlate 
the mass of data on applications and effects of ultrasonic waves, and to cover the 
basic methods of generation.” 

After defining his purposes in this manner, the author, who has considerable 
practical experience in ultrasonic engineering, presents a brief outline of the 
theory of ultrasonic waves and cavitation. A hundred-page discussion of sound 
generators follows; piezoelectric transducers, magnetostriction transducers and 
generators, jet generators, and electromagnetic transducers are treated clearly and 
competently. 

The second half of the book deals with: precipitation and agglomeration; emul- 
sification and dispersion; chemical applications; metallurgical applications; coating 
of metals; biological and medical applications; and ultrasonic instruments and 
control gear. 

Of particular interest to the reader of this journal will be the sections on smoke, 
dust, and mist precipitation; agglomeration and precipitation in liquids; rheopexy 

and dilatancy; emulsification in liquid-in-liquid systems; dispersion of solids-in- 

liquids; ore separation; ultrasonic action on sediments, precipitates, and gels; liquid- 

in-gas systems; ultrasonic cleaning; surface treatment of metals, ultrasonic solder- 
ing, and tinning; polymerization, depolymerization; also, the chapter on ultrasonics 
in biology and medicine, which, however, gives barely an outline of these vast, very 
complex, and potentially very useful fields of work. 

Ultrasonic Engineering would be more useful to the reader (and fairer to many 
investigators in these fields) if the references to the literature were considerably 
more numerous and, in some instances, more accurate. Likewise, many a reader un- 
doubtedly would be grateful for information on the range of the proven usefulness 
of the numerous and widely varied processes which have been described in the liter- 
ature, and for an evaluation of their economics. 

In spite of these minor shortcomings, this competent, unpretentious, easily read- 
able, well-printed, and pleasantly made book is a most useful addition to the litera- 
ture. It will be welcome to all those who want to acquaint themselves in a convenient 


manner with the rapidly expanding field of ultrasonic engineering. 
Karu Sottner, Bethesda, Md. 


| 

Ionography. Electrophoresis in Stabilized Media. By Huan J. McDonatp, DSc., 
| Professor of Biochemistry, Stritch School of Medicine of Loyola University, Chicago, 
Ill. In collaboration with Robert J. Lappe, M.S., Research Assistant, Department of 
| 
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Biochemistry, Loyola University; Edward P. Marbach, Ph.D., Associate Chemist, 
American Meat Institute Foundation and Research Associate (Instructor), Depart- 
ment of Biochemistry, University of Chicago; Robert H. Spitzer, M.S., Research 
Assistant, Department of Biochemistry, Loyola University; and Matthew C. Urbin, 
Ph.D., Associate Chemist, Chemical Division, Corn Products Refining Company, 
Argo, lll. The Year Book Publishers, Inc., 200 East Illinois Street, Chicago 11, Ill., 
1955. x + 268 pp. 14.5 X 22 cm. Price $6.50. 

In the past five or six years, electrophoresis in stabilized media has become a re- 
search tool widely used by those interested in separation and identification of natural 
products. In addition to a discussion of the method, this book contains the first 
complete literature survey in this new field (865 references). 

Included in this book are: a description of the types of apparatus used, discus- 
sions on nomenclature, experimental methods, and mobility determinations and 
their relation to mobilities determined by the moving boundary method. As pointed 
out in the preface, the principles shown are based mainly upon the authors’ own ex- 
perimental work using their apparatus (horizontal paper strip in a gas atmosphere) ; 
however, other techniques are discussed in some detail. The survey of the literature 
covers applications of the method to proteins, peptides, and amino acids; carbo- 
hydrates; lipoproteins; enzymes, hormones, and vitamins; inorganic substances and 
miscellaneous others. In this regard, the book is excellent. 

There are, however, several points of discussion which do not contribute greatly 
to the value of this book. The experiments on the relationship of molecular weight 
to mobility described in the early part of the book go unexplained, and one must 
assume that some of the results are fortuitous. The lengthy criticism of the ‘‘tortuous 
path” theory of Kunkel and Tiselius and the development of their own “‘barrier’’ 
theory are not convincing. The term ‘thermodynamic activity’? is used in an un- 
fortunate way, leaving the reader quite dubious as to the validity of the equations 
developed and of the theory itself. Although it appears unlikely that any one term 
to describe electrophoresis in stabilized media will be universally accepted, the 


authors encourage the use of the term ‘‘ionography”’ in preference to the quite com- | 


monly used “‘paper electrophoresis,’’ ‘‘zone electrophoresis,” ‘‘electrochromatog- 
raphy,’’ and other similar terms. 

There has certainly been need in this field for a thorough discussion of the various 
techniques and their applications, as well as a complete literature survey. Tonography 
satisfies this need well. 

Rosert R. Becker, New York, New York 


The Principles of Chemical Equilibrium. By K. G. Densian. New York: Cam- 
bridge University Press, 32 EF. 57th St., 1955. xxi + 491 pp. Price $7.50. 

This is essentially a textbook of chemical thermodynamics for students of chem- 
istry and chemical engineering; a certain amount of molecular and kinetic theory 
is introduced, and Part III, 147 pages, is almost entirely devoted to statistical me- 
chanics. The level is about that of first-year graduate students in American universi- 
ties. There is only minor emphasis on specific problems of chemical engineering. 

Part I, 108 pages, is devoted to the first and second laws, thermodynamic func- 
tions and formulas, development of partial molar quantities and chemical potential, 
etc. Part II, 223 pages, contains chapters on applications to gases and gas reaction 
equilibria, phase rule and phase equilibria, ideal and nonideal solutions, and reaction 
equilibria in solutions. The treatment is very largely in terms of the Gibbs chemical 
potential. Fugacity and activity are treated logically and well illustrated; electrical 
cells and electrolyte solutions in general receive only brief treatment. 

In Part III, statistical mechanics is used as an introduction to theory of heat 
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capacity of crystals, to presentation of the third law, and for brief treatment of 
“regular solutions” and of adsorption. The last chapter discusses kinetics. Many 
readers will deplore the very late introduction of the third law, which thus loses its 
perspective among the methods of calculating equilibrium constants. There is no 
mention of the enthalpy and free energy functions such as (G° — H)/ T, although 
these are widely tabulated and are compiled from thermal as well as from statistical 
and spectroscopic data. 

The book contains much well-written, provocative exposition and discussion. It 

is quite adequate in its applications of thermodynamics to the systems chosen. In 
comparison with the other leading books in its field it merits high rating. This is 
not to say that it does not also deserve severe criticism. For example, the treatment 
of heat theory and the second law is classical and sometimes lacking in logic; the 
usual confusion between ‘‘heat”’ and “‘thermal energy” is well maintained. There is 
pressure today, especially among the followers of Brgnsted, to revise and extend the 
interpretation of the second law to cover all forms of energy. Work cannot be ob- 
tained from systems all of whose energy is equipotential; work can be expressed as 
‘the integral of a potential-quantity product, and entropy is the quantity term in 
thermal energy. The unique position of “‘heat”’ is not that it can be only in part con- 
verted to work, but that entropy can be created in irreversible processes. 
In such respects Denbigh’s book is quite disappointing. It is difficult to criticize 
individual statements when they are made from an outmoded point of view. As an 
example, it is pointed out (p. 21) that we do not expect a vessel of water to cool 
| spontaneously while lifting a weight from the floor. It would seem equally important 
to point out that we do not expect to obtain electrical energy from two identical 
electrodes immersed in the same solution, or motion from a piston with the same gas 
pressure on both sides. We do not expect the vanes of a radiometer to turn if equally 
blackened and equally illuminated on all sides. 

In discussing the oxidation of carbon (pp. 71-72) the author points out that AG 
and AH have nearly the same value, and that on combustion ‘‘. . . almost as much 
energy is obtained as heat as would have been obtained as work, if the process had 
been carried out reversibly. The wastefulness of the process is in the subsequent con- 
version of the.thermal into mechanical energy.’’ This reviewer disagrees; the waste- 
fulness is in the irreversible combustion; heat and thermal energy are not the same 
‘thing. The viewpoint needs to be changed. In the combustion entropy has been 
‘created at a higher temperature and may now be degraded in potential. The thermal 
energy available depends on the temperature gradient available. 

We must also object to certain statements about electrical cells (pp. 161-162). 
“The essential aspect of the cell is the fact that the equilibrium composition of the 
reaction system is not the same as it would be in the absence of a potential difference 
between the two electrodes; if the potential difference is Z the reactants and products 
come to a certain state of equilibrium, whereas if the cell is short-circuited they come 
to a quite different state of equilibrium.” Actually, of course, the contents of an 
electrical cell are never in a state of equilibrium; the materials are so chosen that 
reaction is negligible, a matter of kinetics, until the circuit is completed. In the 
example cited by Denbigh, hydrogen and mercurous chloride are quite capable of 
direct reaction, from a thermodynamic standpoint. 

We repeat that this book compares very favorably with others in its field. The 
development and application of thermodynamic functions and formulas have much 
to recommend them. The book will be of best use under the guidance of an alert and 


experienced teacher. 


Crecit V. Kine, New York, New York 


ANNOUNCEMENT 


The Journal of Colloid Science is preparing a special issue consisting of 
Numbers 4 and 5 of this Volume, dedicated to Sir Eric Rideal. This special 
issue will appear in September and will contain papers written by his friends 
and pupils as a tribute to his scientific achievement in the field fof colloid 
science. 


ERRATUM 


Volume 11, Number 1, February, 1956. In the article entitled “A Spec- 
trophotometric Method for the Determination of Cationic Detergents’’ by 


A. V. Few and R. H. Ottewill, the legend for Figure 1 on page 36 refers — 


to Figure 3 on page 37. The legend for Figure 2 on page 37 refers to Fig- 
ure 1 on page 36. 


294 


—_—— » 


JOOCRNAL OF COLLOID SCIENCE 11, 295 (1956) 


Dedication 


In 1924, Cambridge University established the first chair of Colloid 
Science and appointed Eric Rideal the Professor. He envisaged this new 
discipline as cutting across old barriers, and comprising those parts of 
science, ranging from meteorology through physics and chemistry to biol- 
ogy, which deal with systems in which surface energy arising from fine 
division becomes dominant. As the subject grew, it embraced the study of 
large kinetic units and their morphology. 

It is fitting on the occasion of Sir Eric’s retirement from active academic 
posts that the journal bearing the name of the science he has fostered should 
dedicate a special number contributed by the students he has stimulated 
and trained. 

As Sir Eric’s first postdoctoral student, I recall vividly the popular lec- 
ture he gave in Cambridge in 1922, entitled, “Measuring Molecules with a 
Meter Stick.”’ He demonstrated on the lecture platform to the delight of 
his listeners, by using only the simplest equipment, how much could be 
learned first-hand about the sizes and shapes of molecules when spread as 
monolayers. My own present interest in surfaces stems in no small part 


-from this enthusiastic and prophetic approach. 


As Associate Editor, Sir Eric has given this journal valuable support and 
encouragement from the date of founding in 1946. The Editorial Staff and 
Publishers offer this issue as a token of appreciation for his untiring efforts 
in contributing to the success of the journal. It is our wish that Sir Eric 
continues to have happy years in which he can enjoy life and have the 
satisfaction of seeing his scientific offspring develop. 

Victor K. La MER 
Editor-in-Chief 
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Sir Eric Rideal—An Appreciation 


Heredity, Sanderson’s preparatory school at Oundle, and Cambridge in 
the late-classical period of J. J. Thomson served to mold and determine 
the future scientific career of Sir Eric Rideal. The processes of learning 
were complete by the time World War I broke out in the summer of 1914. 
The first academic year after the war Rideal spent in the University of 


Illinois. It was perhaps fortunate for England that a large state university | 


contrasted so radically with Cambridge. Smoking, also, was, at that time, 
prohibited on the Illinois campus. Rideal found himself much more at home 
on the Princeton campus, which he visited several times during the year. 
He did not find in Princeton what proved later to be Princeton’s principal 
asset to him. It was on the boat in 1920 returning to England that he first 
met the gracious Princeton lady who was subsequently to become his 
charming wife. 

The threat of submarine warfare compelled England to take steps in 
1916-17 to learn how the nitrogen of the air could be fixed and the ammo- 
nia converted to nitric acid. Rideal and Partington were withdrawn from 
the Somme barges where, as lieutenants in the Royal Engineers, they had 
supervised water supplies for the troops. Together they elucidated the 
catalytic ammonia oxidation process on platinum gauze and formulated 
pilot plant and production procedures. Greenwood had a small group of 
men working on synthesis proper, he being the only man with previous 
experience in high-pressure synthesis. The writer was assigned the task of 
learning how to produce the nitrogen-hydrogen mixture. Since this was a 
major fraction of the total cost from an economic standpoint, it was de- 
cided that Rideal should join in the effort. There ensued a happy, fruitful 
eighteen months of collaboration. A number of problems for the Army as 
well as in the production of synthesis gas were solved. We were dubbed the 
Siamese twins, and it would be difficult to decide who was responsible for 
this or that advance. And, together, during the same period, we wrote a 
book Catalysis in Theory and Practice to try to define a scientific content 
of the subject. A good friend who reviewed the book guessed which of us 
had written the individual chapters. His guess was wrong because he used 
the wrong measuring stick. 

We parted company early in 1919, each resolved to find some more sci- 
ence to put into a second edition of the book if it should ever reach such a 
state. Rideal elected to pursue kinetics, the writer to concentrate on ad- 
sorption by catalysts. That was the way we started, but over the years we 
each crossed over from one domain to the other. 
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From these early years a few researches may be cited. With Hurst, 
Rideal examined the ratio CO:H» burnt in presence of copper catalysts 
promoted with palladium. With Norrish he studied the catalytic influence 
of oxygen in reaction at a liquid sulfur-hydrogen interface. Together, also, 
they studied the influence of surfaces on the reaction between ethylene and 
bromine vapor which indicated a nonhomogeneous process, catalyzed by 
glass, cetyl alcohol, or paraffin wax to varying degrees. With a joint study 
on the sensitization by chlorine of hydrogen-oxygen mixtures to visible 
light, Norrish was launched, as were so many of Rideal’s subsequent stu- 
dents, on the pathway to academic honors and chairs of chemistry. 

A new phase in Rideal’s career was developing simultaneously which 
culminated in the newly established school and chair of Colloid Science at 
Cambridge. In 1924 he was examining the destruction of rennin at an air- 
liquid interface and with Schofield was examining mono-layers on water 
as two-dimensional gases. They showed that as the length of the hydro- 
carbon chains in the fatty acids increases, the lateral adhesion between the 
gaseous films in the surface increases. The measurements of surface pressure 
using the Langmuir trough led also to measurements of ‘“‘surface potential,” 
the contact potential between the liquid and air. Early measurements by 
Guyot and Frumkin gave place to the detailed studies of Schulman and 
Rideal (1931). They compared surface potentials with surface pressures 
and refined the techniques of the potential measurement. 

Side by side with the work on surface films the work on solid surfaces 
was prosecuted vigorously. Undoubtedly the most important work in the 
Cambridge School in this period was the work initiated and carried through 
by Roberts on the adsorptive properties of clean tungsten filaments. This 
work ushered in an entirely new era in the investigation of metal surfaces. 
The incredibly accurate measurements of Roberts on flashed tungsten fila- 
ments indicating the rapidity of many processes of chemisorption on clean 
surface, the use of Pirani gauges for measuring adsorption at low pressures 
of the order of 10-5 mm., the use of the accommodation coefficient of 
helium and neon to follow the adsorption process, all these techniques 
opened up a new era in adsorption by metals which Beeck, Tompkins, and 
many others have developed from their original beginnings in Cambridge. 
In the early thirties the advent of deuterium opened up a new phase of 
kinetic studies both homogeneous and heterogeneous. Farkas and Melville 
as postdoctoral students in Rideal’s laboratory made basic advances in this 
area. The existence of isotopic exchange side by side with hydrogenation of 
ethylene was a major result from these studies. 

Toward the end of the 1930’s the study of reactions in surface films was 
in full swing including physical processes of adsorption and penetration as 
well as chemical reactions proper. Differences of penetration by sodium 
cetyl sulfate with films of cholesterol and cholesterol acetate had signifi- 
cance in the interpretation of biological processes as, for example, blood 
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lyses. Interaction between amine films and a soluble acid substance, €.g., 
phenol, gave no change in surface pressure but change in the dipole mo- 
ment vector. Dihydroxy phenols could give rise to cross-linking. Hydroly- 
sis of esters was followed by change in surface potential as well as surface 
area. The oxidation of the double bond in oleic acid films with dissolved 
permanganate was shown to be a function of surface pressure; at low pres- 
sures the double bond was in the surface layer and oxidizable, at high 
pressures it was squeezed out of the surface and lined up in the hydrocarbon 
chain, inaccessible to the oxidant. 

During World War II Rideal was engaged once more in scientific service 
to his country, this time at a high level of responsibility. Physical chemists 
have reason for gratitude to him also for his Presidency of the Faraday 
Society continuously during all the long war years. This unique record is 
paralleled by his Presidency both of the Chemical Society and of the So- 
ciety of Chemical Industry, surely a trio of honors not achieved by any 
other. The Professorship in Colloid Science lasted from 1930 to 1946, when 
Rideal succeeded Sir William Bragg and followed in the footsteps of Davy 
and Faraday as Fullerian Professor of Chemistry in the Royal Institution 
and Director of the Davy-Faraday Laboratory. This phase lasted three 
years, from 1946 to 1949. One suspects that the erstwhile Cambridge don 
missed the youth and vitality of the undergraduate. He returned to uni- 
versity work as Professor of Physical Chemistry at King’s College, London, 
from 1950 until his retirement in 1955. It is impossible to think of Rideal 
away from a laboratory and so, even in his retirement, he will be found in 
a small group of laboratories, with an assistant or two, at Imperial College, 
London. 

In his Sabatier lecture to the Society of Chemical Industry in 1948 Rideal 
suggested a mechanism of interaction between a van der Waals layer and a 
chemisorbed layer on surfaces. As the Rideal-Eley mechanism this theory 
has been competitive with that originally put forward by Langmuir, in 
which both reactants occupy competitively the chemisorbed layer. Later 
work of Rideal with Trapnell on evaporated tungsten films appears to 
favor the Langmuir concept but the two views are still much debated. The 
last five years of research have been as bewilderingly diversified as any 
of the periods in his active life which preceded it. Two or more generations 
of physical chemists now working in all the five continents testify to the 
breadth and range of his mind and the vitality which even physical disabili- 
ties or administrative difficulties could not quench. His life of service to 
physical chemical and colloid science has earned the gratitude that is 
written into these tributes from his friends. Ad multos annos. 


Hueu TayLor 
April 7, 1956 
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I. IntTRoDucTION 


In 1950 the effect of surface roughness on sliding of drops along a solid 
surface was studied (1); in this paper, rugosity is correlated with the rate 
of drainage of liquid present as a continuous sheet. 

Stainless steel plates of six standard finishes were coated with oil and 
suspended vertically. The amount of oil remaining on a plate was measured 
after suitable time intervals by weighing the plate on an analytical balance. 
The relation between this amount and the average height (hms) of surface 
hills, as determined by two commercial stylus instruments, was ascertained; 
at a first approximation, the liquid drained at such a rate as if a layer, Rims 


_thick and adjacent to the solid, did not participate in the flow. 


Il. THrory or tHE Metruop 


As long as the liquid has a Newtonian viscosity, the theory is simple and 
to a considerable extent known (2, 3). 

The shaded portion of Fig. 1 represents the plate. Here 6 is the variable 
thickness of the oil film. The coordinate h is vertical and directed downward, 


_ and the coordinate x is normal to the plate and directed from the plate 


into the liquid. 

If wu is the velocity of liquid at a given point at a given moment, 7 is 
viscosity, g acceleration due to gravity, p the density of liquid minus the 
density of air, and n = gp/n, then, in analogy to the formula for the flow 
between two parallel walls, 


w= nie — Fa", [1] 


and the volume draining down in unit time for unit width of the plate is 


5 
[ u dx Saees! [2] 
0 3 


‘3 
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6 
h 


Fig. 1. Diagram of a plate (shaded) with oil draining from it; z is distance from 
the solid-liquid interface, 6 thickness of the liquid film, h distance from the top of 
the film. 


At a given h, the change of thickness in time, i.e., 06/d7, is equal to the 
volume of liquid (per unit width) entering, minus the volume leaving the 
space between the levels h and h + dh in unit time. Thus, 


From the theory of partial derivatives 
2 (05/07), ga 
(#), = Pula at ie Gael i] 


Hence, for a constant 64, 


[an 2 ni | th 


The constant of integration is zero, if at zero time the liquid is gathered 


near h = 0; hence, 
h 1/2 
h=né7,i.e, d= (+) [5] 
NT 


Thus, an equation is arrived at which has been derived previously (2) by 
means of a guess and dimensional analysis. 

Substitution of [5] into [2] and introduction of the letter w for the width 
of the plate gives Eq. [6] for the volume of liquid which passes downward 
through any level in unit time: 

dV _ we whl 


dr 3° ~ Bait O 
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V is the volume of liquid present on the plate. If the height of the wetted 
part of the plate is H, the volume of liquid reaching the bottom of the plate 
in unit time is wH*/?/3n1/2;3/2 and the volume retained after time 7 is 


3/2 T 3/2 
At the first glance it would seem natural to set zero time as the lower limit 
of integration. However, Eq. [1] neglects the inertia terms and thus cannot 
be true at the start of the experiment; also some time must pass before 
the liquid profile (initially determined by the mode of application of the 
film) acquires the shape defined by Eq. [5]. Thus, in theory, 7» is the time 
needed for Eq. [5] to become correct. In practice, 7) was taken to be 30 min. 
for the more viscous, and 10 min. for the less viscous, oil. Volume Vy is 
that present on the plate at time 7). As, theoretically, no oil remains on 
the plate after an infinite time, 


QwH*” 
Vo = sili 2 
and 
2wH?” 
Vee Zn ilazlle* [9] 


III. ExprRIMENTAL PROCEDURE 


Nine plates of stainless steel (austenitic 18-8, Type 302) were used. 
Their finish numbers and the height h,», of surface hills (for the definition 
Of hrms see, e.g., ref. 5) are shown in Table I. Before each experiment they 
were twice degreased in freshly distilled trichloroethylene. 

Two oil samples were employed. The vacuum oil had density 0.893 
g./cm.*; its viscosity was 7.40 g./cm.sec. at 25°C. and 9.35 g./cm.sec. at 
21°C. The medicinal liquid paraffin had density 0.856 and its viscosity at 
21°C. was 1.95 g./cm.sec. 

As only one side of each plate had a definite finish, this side only was 
used. The plates were laid horizontally on the unfinished face, and oil was 


TABLE I 
Height hymns of Surface Hills, in microns 


Plates, 5 cm. wide Plates, 7.5 cm. wide 


Finish No. { = /e2p 2B 4 6 7 2D 2B 4 


Previous determina-| 3.15 | 0.91 | 0.33 | 0.038 | 0.094 | 0.025 
tion 
New determination | 3.83 | 0.94 | 0.17 | 0.048 | 0.102 | 0.030 | 0.28 | 0.12 | 0.05 


302 J. J. BIKERMAN 


poured on them first so as to wet the whole (or almost the whole) working 
surface (5.0 x 4.7 cm. for the smaller and 7.5 x 8.1 cm. for the larger plates), 
while the rest of the oil was put next to the upper edge of the wetted area 
to satisfy the conditions of integration leading to Eq. [5]. About 0.15 g. oil 
was put on the small, and about 0.60 g. on the large, plates; in agreement 
with Eq. [7], no effect of the initial volume could be discerned. Then the 
plates were suspended vertically in a desiccator (to protect them from dust) 
sn such a manner that the lower portion of the wetted side was in contact 
with a porous clay wafer covered with filter paper; in this way the oil, 
instead of accumulating as a cylindrical drop at the bottom edge of each 
plate, was taken up by the bibulous material as soon as it reached the level 
of the filter paper. The plates, with the oil on them, were then weighed on 
an analytical balance at suitable intervals. 


TV. EXPERIMENTAL RESULTS 


Only the results of the last four series, each performed twice, are reported 
here. In the expression for V (see Eq. [9]) w and H were varied by using 
plates of two different sizes, and n was varied by using two different liquids 
and, for one of the liquids, two different temperatures. The small plates 
having finishes 4 and 6 were not used in these series, as previous experi- 
ments showed that they behaved very similarly (but a little more errati- 
cally) to finish 7. 


+ Surface finish No. 7 
0.07}, ° 28 
1 2D 

= 1 


0,05 


Mass of oil, g. 
° ° 
Oo So 
@ = 


So 
ro) 
nm 


oO 
oO 
pry 


10,000 50,000 90,000 170,000 180,000 
Time in seconds 
Fig. 2. Rate of drainage; small plates. Ordinate is mass of vacuum oil retained 
on the plate after time plotted along the abscissa at about 25°C. Continuous curve 
is calculated for a smooth interface and the experimental points are for surfaces 
whose rugosity increases from No. 7 (crosses) to No. 1 (horizontal bars). 


. 
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Surface finish No. 7 
2B 
2D 
1 


¢ 
e 
1 


° ° ° 
fo) o oO 
uo oO N 


Mass of oil, g. 
(=) 
oO 
a= 


0.03 


0,02 


0.01 


0.002 0.006 0.010 0.014 0.018 0,022 0.024 7-1/2 sec,-1/2 
250,000 27,777 10,000 5100 3086 2273 1736 ;- sec, 

_ Fic. 3. Rate of drainage; small plates. Ordinate is mass of vacuum oil retained 
on the plate at 21°C. Abscissa is 1/+/r, 7 being time in seconds. Straight line is calcu- 
lated. The experimental points refer to surfaces of a rugosity increasing from No. 7 
(crosses) to No. 1 (horizontal bars). 


Figure 2 presents the results for small plates, vacuum oil, and room tem- 


_ perature which oscillated between 24.8° and 25.6°C. In Eq. [9], n was 118 


cm. sec.—!, w was 5.0 cm., H 4.7 cm., and, consequently, V = 3.12 7!” 
cm.°, if 7 is expressed in seconds. The abscissa of Fig. 2 is time (in seconds), 
and the weight of oil on the plate (that is, 0.893 V g., as the density of the 
oil is 0.893) is plotted along the ordinate. The solid line is the calculated 
weight, i.e., 3.12 X 0.893 7-1? g. The horizontal dashes, the vertical dashes, 
the circles, and the crosses are the experimental points for the finishes No. 
1, No. 2D, No. 2B, and No. 7, respectively. 

In Figures 3, 4, and 5 the ordinate is still the weight of the oil remaining 
on the plate but the abscissa represents 7~!/? (r being time in seconds) 
rather than 7 itself; according to Eq. [9], the weight should be a linear 
function of 7/2, and the theoretical straight line calculated from that 
equation is drawn on each of the figures. 

Figure 3 summarizes the experiments on small plates and vacuum oil at 
21°C. The n was 92.2 cm. ! sec.—!; hence V = 3.54 r~!/? cm.’ and the weight 
of oil: 3.16 7” g., if 7 is in seconds. For Fig. 4, small plates and medicinal 
paraffin were used at 21°C. The n was 430.5 cm. sec.', V was 1.64 771” 
em.’, and the weight of oil was 1.404 7~'? g. Figure 5 shows the data on 
large plates and medicinal paraffin oil at 21°C. The n was, of course, again 
430.5 cm.- sec.—!, but w was 7.5 cm. and H was 8.1 cm., whence V = 
5.55 7/2 em.3, and the theoretical weight of oil: 4.76 7”. 
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+ Surface finish No. 7 
e 2B 


' 2D 
- 1 - 


0.07 


0.06 


0.05 


0.04 


Mass of oil, g. 


0.03 


0,02 


0.01 


0.010 0.020 0.030 0.040 77/2 sec.-1/2 
10,000 2500 1111 625 7 sec. 

Fia. 4. Rate of drainage; small plates. Ordinate is mass of medicinal paraffin oil 
retained on the plate at 21°C. Abscissa is 1/ 4/r,7 being time in seconds. Straight 
line is calculated. The experimental points refer to surfaces of a rugosity increasing 
from No. 7 (crosses) to No. 1 (horizontal bars). 


+ Surface finish No. 4 
. 2B 
= 2d 


0.21 


0.18 


0.15 


0.12 


Mass of oil, g. 


0.09 
0.06 


0.03 


0.010 0.020 0,030 0.040 77/2 sec.-1/2 
10,000 2500 1111 625 7 sec. 


Fig. 5. Rate of drainage; large plates. Ordinate is mass of medicinal paraffin oil 
retained on the plate at 21°C. Abscissa is 1/+/7, 7 being time in seconds. Straight line 
is calculated. The experimental points refer to surfaces whose rugosity increased 
from No. 4 (crosses) to No. 2D (horizontal bars). 
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V. Tse MEANING OF THE RESULTS 


1. The above graphs demonstrate that, in every instance, the amount 
of oil remaining on the smoothest plate (No. 7 or No. 4) was in almost 
quantitative agreement with the theoretical prediction. There are three 
known causes for the deviations still observed: 

a. The steady flow for which Eq. [9] is valid takes time to materialize. 
As the exact moment at which Eq. [9] started to be valid is not known, 
the time scale may be a little incorrect; however, the uncertainty of the 
time scale affects the readings at the extreme right of Fig. 3, Fig. 4, and 
Fig. 5 but cannot significantly change the results of later readings; e.g., to 
bring the first value for finish No. 7 in Fig. 4 onto the theoretical line, it 
would be sufficient to assume that the time of the first reading was 529 
sec. rather than 600 sec. (as shown by the watch), and this difference of 
71 sec. would be negligible for the rest of the curve. 

b. The value of H may be in error by, perhaps 1 %, or, for large plates, 


as much as 2% because the boundaries of the initially wetted area were 


not straight. 

c. Equation [9] neglects capillarity. Capillary effects were observed on 
all plates; visual inspection showed that some oil rose and wetted the 
plates above the initial level, and the visibly wet area after the drainage 


was larger than before it; e.g., in the series of graph 3 the wet area initially 


was 23.5 cm.? for all plates but expanded during the drainage to 35.5 cm.?, 
82 cm.2, 27 cm.”, and 26 cm-? for plates No. 1, 2D, 2B, and 7, respectively. 


2. Whereas the deviation of the smoothest plates from the theory is 
small, rough plates retain much more oil than either the theory predicts 
or the smooth plates do. If the first few per cents of the drainage time are 
disregarded (see Ja above), it is found that the difference between the oil 
amounts on two plates of different rugosities changes but little with time. 
For instance, in the series of graph 4, the mass of oil on plate No. 1 was 
greater than that on plate No. 7 by 0.0084, 0.0079, 0.0080, 0.0082, 0.0078, 


0.0089, and 0.0083 g. in the last 7 readings. When plate No. 7 was com- 
! pared with less rough plates, the difference in the amounts retained was 


about as constant, absolutely, but the relative error naturally was greater; 


thus (oil on 2B) minus (oil on 7) in the same series was — 0.0001, 0.0006, 


0.0010, 0.0006, 0.0011, 0.0009, and 0.0018 g. 

Table II lists the mean differences between the oil amounts on a coarse 
and the smoothest plate, disregarding the earlier readings. 

3. If the excess amount retained by a rough surface, as compared with a 
smooth one, is divided by the density of the oil to obtain the excess volume 
and then by the final wetted area (see Ic above), the thickness of the oil 
film, which apparently does not take part in the drainage, is obtained. 


306 J. J. BIKERMAN 


TABLE II 
Excess Oil Retained by Rough Surfaces and the Thickness of the ‘Immobile Layer” 
Graph 2 Graph 3 Graph 4 Graph 5 
Plate pairs ee, 2 s 22 a 5 =@ g 5 22 a 5 
ge | a2 | 38 | 38] 28 | SE] 28 | #8 
ch ERS 2 EAS) & 38 ) ene 
2 els 2 é 4 Ss 4 a 
No. 1-No. 7 0.0102 | 3.2 | 0.0115 | 3.6 | 0.0082 | 2.9 
No. 2D-No. 7 0.0027 | 0.94 | 0.0030 | 1.1 | 0.0023 | 0.84 
No. 2B-No. 7 0.0013 | 0.54 | 0.0005 | 0.22 | 0.0008 | 0.35 
No. 2D-No. 4 0.0033 | 0.52 
No. 2B-No. 4 0.0016 | 0.26 


This “thickness of an immobile layer” also is shown in Table II. If its 
values are compared with the profilometer readings of Table I: 


Finish No. 1: thickness of immobile 
2.9-3.6; Arms 3.15-3.83 


layer 
Small No. 2D: 0.84-1.1;> Arms 0.91-0.94 
Small No. 2B: 0.22-0.54; hrms 0.17—-0.33 
Large No. 2D: 0.52; hrms 0.28 
Large No. 2B: 0.26; Nemes O12 2 


the main conclusion of the present study emerges, namely, that the thick- 
ness of the “immobile layer” is approximately equal to the average height 
of hills on the solid surface along which the liquid flows. 


VI. ImMpLicaTIONS 


1. The existence of an apparently stagnant liquid layer adjacent to a 
solid or, from another point of view, of an apparently enhanced viscosity 
of this layer was often considered to be a proof of long-range forces emanat- 
ing from a solid surface; see, e.g., ref. 4 and a review in ref. 5. As a rule, 
the rugosity of the surface was overlooked in those experiments. The obser- 
vation formulated in the preceding section demonstrates that the effects 
previously attributed to long-range forces are more likely to be due to sur- 
face roughness, as stated in ref. 5. 

It was postulated (6) that surface asperities, by preventing a rectilinear 
flow of liquid next to the solid, reduce the magnitude of electrokinetic 
effects (which, it is known, originate in the interfacial film). The present 
work supplies a partial confirmation for this view. 

2. The effect of rugosity on the slow movement of a liquid at a solid 
surface should be taken into account in many laboratory and industrial 
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operations. Lubrication comes to mind first. Here, however, adhesive 
joints only are considered. 

When such a joint is made by placing an excess of liquid adhesive on a 
solid and pressing another solid against the first, the adhesive, in being 
squeezed out, flows along two solid surfaces in a manner fully analogous 
to that studied in the present paper. Therefore, the amount of liquid re- 
maining between the solids, after the joint was allowed to set under a 
given pressure for a given time, depends on rugosity. As the strength of a 
joint depends on the thickness of the “glue line,” it must vary also with 
surface roughness. Maintaining the external conditions of glue setting (such 
as pressure and time) constant does not guarantee formation of comparable 
joints, as long as rugosity is not constant or not known. 

3. It was hoped to use the rate of drainage as a measure of surface 
roughness. In its present form the method seems to be about as exact as 
that using a stylus, but takes an incomparably longer time. Should it be 
possible to accelerate the test, it might still prove useful because of its 
extreme simplicity and low cost. 
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SUMMARY 


Two hydrocarbon oils were allowed to drain from stainless steel plates of 
9 different roughnesses. The theory of the drainage was derived; its predic- 
tions were approximately fulfilled by the smoothest plates. On the rough 
plates an apparently stagnant liquid layer existed whose thickness was 
nearly equal to the average height of hills on the solid surface, as deter- 
mined with two stylus instruments. 

This result (a) refutes one of the proofs for the existence of long-range 
molecular forces, (b) confirms the hypothesis that the magnitude of electro- 
kinetic phenomena is reduced by rugosity, (c) shows the necessity of con- 
sidering roughness in adhesion measurements, and (d) renders possible a 
new method of measuring surface roughness. 
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ABSTRACT 


The probability of reaction per collision of a reactant molecule with a catalytic 
surface (P) is considered. If E is the experimental activation energy, it is found that 
P for a number of reactions on metals is in the range of exp(—E/RT) to 10* exp 
(—E/RT). This is not in agreement with the theory of an immobile transition state. 
A mobile transition state is proposed, and the transfer of energy from the solid to 
the adsorbed gas is briefly considered. 


INTRODUCTION 


Consider a gaseous reactant in contact with a metallic surface on which 
a catalyzed reaction is occurring. We shall consider only first-order reac- 
tions (usually decompositions) for which the rate of chemical transforma- 
tion in molecules per second is proportional to the reactant pressure. The 
number of reactant molecules colliding per second with the catalyst is also 
proportional to the reactant pressure, and therefore the probability of 
reaction per collision with the catalyst, which we denote P, is independent 
of gas pressure. In discussing these reactions it is convenient to consider P 
rather than a first-order constant or a rate in molecules reacting per square 
centimeter of catalyst. The value of P should be independent of the size of 
the reaction vessel and the surface area of the catalyst. When P is con- 
stant, the probability of reaction of any particular molecule which strikes 
the catalytic surface is independent of the presence of other molecules on 
the surface and in the gas phase. Some new determinations of P for several 
reactions in this Laboratory, and calculations from published data, permit 
a simple generalization to be proposed. 


TRANSITION State THEORY EQUATIONS FOR P 


To formulate explicit expressions for P by the transition state theory, 
some model of the transition state is necessary. Temkin (1) assumed an 
immobile transition state, and deduced equations for the absolute reaction 
rate using methods somewhat similar to those whereby Fowler (2) ob- 
tained the Langmuir isotherm for an ideal localized monolayer. Glasstone, 
Laidler, and Eyring (3), however, showed that explicit expressions for the 
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rate of various surface processes are more simply obtained when the ad- 
sorption sites are treated as reactants and assigned a partition function. 
A general account has been given by Laidler (4), whose symbols we shall 
employ. For a first-order process the rate of reaction in molecules per 
square centimeter of catalyst per second is 


4 Dod = 
Vv Cg oe is Ff. ia exp kT [1] 
and for a diatomic molecule, for example, this becomes 
kT o le h? a 
= P, 
v= Oghsl T  OxmkT) 2 BatIkh oP G PI 


if a cancellation of the vibrational partition functions in f; and F, is as- 
sumed. But the number of molecules striking the catalyst per square 
centimeter per second is 
nyt Seki 3 
~ (QarmkT)** 8) 


From Eas. [2] and [3] 


te ee eee 
P = tsL~ oy QamkT Bx TkT OP \ er )- 


In Eq. [4], 4s is of the order of unity; L is about 10! sites per square 
centimeter, and a consideration of the magnitude of the other terms for 
small molecules shows that the theory of an immobile transition state 
must give a value for P some powers of ten less than exp(—e0/kT). Also, 
for more complex molecules, the partition function /, becomes larger, and 
P becomes still less compared with exp(—e0/k7’). If H is the experimental 
Arrhenius activation energy, exp(—eo/k7’) is only slightly different from 
exp(—E/RT), and thus the predictions from the immobile transition 
state theory can be compared with experiment. Generally, a grave dis- 
crepancy is found. 


Somps ExpERIMENTAL MEASUREMENTS OF P 


In our experiments, P varied for different reactions from a value nearly 
equal to exp(—E/RT) to a value exceeding exp(—E/RT) by a factor 
approaching 10‘. Two series of investigations have been carried out. In 
the first, with D. J. Fabian, the decomposition of ethane and propane on a 
platinum filament was examined by a mass spectrometric method, by 
which a direct determination of reaction rate was made at pressures of 
10-4 to 10-7 mm. On a new and active filament, properly treated, both 
ethane and propane lost one hydrogen atom, to give ethyl and propyl 
radicals, respectively, which evaporated from the filament. With use, the 
filament activity changed, probably as a result of carbonization, and the 
reaction changed to molecular dehydrogenation to ethylene and propylene, 


310 A. J. B. ROBERTSON 


respectively. The value of P was determined by assuming equality between 
the geometrical area of the filament and its true area. For ethane forming 
ethyl radicals the result was P = 103-5 exp(—E/RT), and for the molecular 
dehydrogenation it was P = 10'* exp(—E/RT). The partition function 
F, (for unit volume) for ethane is known, and on inserting this in Eq. [1] 
an equation analogous to [2] can be obtained, which gives a value for the 
preexponential term. This theoretical value is too small by a factor of 10" 
for the ethyl radical formation, and by a factor of 10° for the ethylene 
formation. For propane, the experimental results were very similar, and 
the disagreement with the immobile transition state theory is worse. In 
the second series of investigations, with A. J. Crocker, formic acid was de- 
composed to carbon dioxide and hydrogen at pressures of about 10~* mm. 
on polycrystalline copper and on three separate faces (100, 110, and 111) 
of single copper crystals. In all cases the surfaces were rendered smooth 
by electrolytic polishing, and P was again computed by assuming equality 
of the true and geometrical area. The value of P was always of the order 
of exp(—E/RT). Similar results have been found in other laboratories. 
Osberghaus and Taubert (5) determined P for the surface decomposition 
of methyl chloride at very low pressure by a mass spectrometric method, 
and found P = 103? exp(—26 kg.—cal. mole"/RT). 

The theory of the immobile transition state advanced by Temkin was 
applied by him to interpret data of Van’t Hoff, and an equation analogous 
to [2], but for a polyatomic molecule, accounted for the absolute rate of 
the decomposition of phosphine on glass. We agree with these calculations. 
Glasstone, Laidler, and Eyring (3) adduced two further examples to 
which, they state, the immobile transition state theory can be applied, 
namely, the decomposition of nitrous oxide on gold, investigated by 
Hinshelwood and Prichard (6), and the decomposition of hydrogen iodide 
on platinum, investigated by Hinshelwood and Burk (7). For nitrous oxide 
on gold, however, Hinshelwood and Prichard show that P is nearly equal 
to exp(—E/RT). We agree with these calculations. For hydrogen iodide on 
platinum, Hinshelwood and Burk do not consider P; but we can assume 
that the dimensions of the apparatus and the catalytic filament were the 
same as those with nitrous oxide, and then show by comparison of the 
two sets of data that P for hydrogen iodide is less than that for nitrous 
oxide by a factor of only 5.5. Thus we have the very interesting result, 
observed in three laboratories, that P for decomposition reactions on 
metals is in the range of exp(— E/RT) to 10! exp(—H/RT), where EF is the 
apparent Arrhenius activation energy for the reaction in question. 


Tue ImmosiLte Transition State Turory AppLiep To Nirrous OxIDE 


From our previous deductions we see that the absolute rate of the 
nitrous oxide decomposition on gold is not accounted for by the immobile 
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transition state theory. Since nitrous oxide is a linear molecule, Eq. [2] 
can be applied. Let us put gs = 2, L = 10" sites per square centimeter, 
o/oy = 1, and J = 66 X 10> g. cm2. For exp(—eo/kT) we put 
exp(—E/RT), where the experimental activation energy is 29 kcal. per 
mole. Then the absolute rate in molecules per square centimeter of catalyst 
ab 1211°K. is 


v = C, X 6.85 X 10°. 


But the volume of the bulb was about 50 cm.* and the area of the catalyst 
was 0.316 sq. cm. The total number of molecules is 50c, and the first-order 
rate constant is 4.3 X 1071? sec.—!. This is about a million times less than 
the experimental value. The theory fails, in agreement with our previous 
deductions; the discrepancy is so great that it is not worth while allowing 
for the small difference between exp(—eo/kT) and exp(—E/RT), or for 
the fact that the mean temperature of the gas is not the same as that of 
the catalytic wire. 


Tue INTERPRETATION OF THE LARGE VALUES oF P 


The fact that P is of the order of magnitude of exp(—H/RT) does not 
necessarily imply that only those molecules react which strike the surface 
with sufficient kinetic energy. Let us suppose that all the molecules striking 
the surface are first adsorbed as molecules, and they can then either 


~ evaporate or react. For all normal reaction rates, the probability of evapora- 


tion will be much greater than that of reaction, for any molecule. An ad- 
sorption isotherm for the molecularly adsorbed layer in equilibrium with 
gas at pressure p can then be formulated, neglecting reaction. For a first- 
order evaporation of the adsorbed molecules it is 


kp = CB, exp (a) [5] 


where kp is the number of molecules striking 1 sq. cm. per second, C’ is the 
number of adsorbed molecules per square centimeter, and B, is the fre- 
quency factor for evaporation of molecules adsorbed with a heat L per 
mole. Recently, Dewing and Robertson (8) described a direct method for 
investigating the condensation and subsequent evaporation of molecules 
by projecting a molecular beam on to a spinning rotor, and collecting the 
gas evaporating from the rotor at different points. For the only system 
investigated in this way so far (hydrogen on superficially oxidized nickel) 
Eq. [5] was followed closely. For the rate of reaction in molecules per 
square centimeter per second we have the analogous equation 


R = CB, exp ia [6] 
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where E; is the true or surface activation energy and B, is the frequency 
factor for reaction. Combining Eqs. [5] and [6], and noting that kp is the 
number of molecules striking 1 sq. cm. per second, gives 


r= (Bon GP) 


where H, the apparent activation energy, is H, — L. Thus for P to exceed 
exp(—E/RT), the transfer of vibrational energy from the surface to the 
adsorbed molecule must be more efficient than the transfer of translational 
energy perpendicular to the surface to the molecule as a whole. Usually, 
thermal accommodation coefficient measurements are interpreted in the 
opposite way, but the experimental evidence seems inconclusive. Some de- 
cisive experiments on this problem seem desirable. A large value for B, 
also implies no loss of entropy when an adsorbed molecule is converted to 
a transition state, and perhaps even a gain of entropy. Since, at the high 
temperatures involved in the experiments, the molecularly adsorbed layer 
probably has considerable mobility, the transition state must also be 
mobile. Let us suppose that the transition state is so mobile that its parti- 
tion function is that of a two-dimensional gas. The equilibrium between 
gaseous molecules and mobile transition states is one between a three- 
dimensional and a two-dimensional gas, in which surface sites do not 
participate. The equation to be used instead of [1] is 


uD kT F; == Ch) 
t= ony oe ear [8] 


We assume a cancellation of the rotational and vibrational terms in FP; 
and F,, and insert into /’; an expression for the translational partition 


function per unit area of a two-dimensional gas. Combining with Eq. (3] 
then gives 


Bier ap) é [9] 


We note that a transition state with supermobility is needed to explain 
some of the experimental results, or, in terms of Eq. [7], the transition 
state gains entropy. Some evidence has been found, notably by Gwath- 
mey, for a surface mobility of metal atoms induced by the occurrence of a 
reaction on the metal, and it seems possible that a mobile transition state 


may be associated with a mobile metal atom or atoms, when P exceeds the 
value given by Eq. [9]. 
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The beautiful colors produced when a bright metal surface is gently 
heated in air or exposed to an atmosphere containing hydrogen sulfide, 
are today almost universally acknowledged as due to interference between 
light reflected, respectively, from the outer and inner surfaces of a film, 
which may be oxide, sulfide, or, as indicated by Vernon (1), an oxide film 
containing sulfur. It may seem strange to recall that 30 years ago sci- 
entists of eminence considered that the cause was not interference between 
light reflected from the two surfaces, but diffraction caused by some re- 
peated structure within the film, or some other feature independent of 
thickness as such. The main difficulty to accepting the interference theory 
was that, if the sequence of colors appearing when, say iron, was gently 
heated (straw yellow, red-mauve, violet, dark blue, light blue .. . ) was due 
to gradual increase in thickness, the colors should appear in reverse order 
if the thickness of the film was gradually reduced. This had been tried. Iron 
heated to the blue range was abraded in an attempt to make the film 
thinner; but instead of the blue’s becoming violet, then red-mauve, and 
finally straw yellow, the color merely became weaker and finally disap- 
peared. Possibly the size of the abrasive particles used exceeded the film 
thickness, or the abrasive action was such as to drag away the film in tiny 
flakes, or (what is now known to happen very easily) the film was broken 
up and pushed into the relatively malleable metal. Clearly a better method 
was required for reducing the film thickness. 

In 1925, the author (2) used what is now known as “reductive dissolu- 
tion” for producing this gradual and uniform thinning. When iron covered 
with ferric oxide films is cathodically treated in weakly acid solution, the 
iron from the oxide passes into solution as ferrous ions, and the film is uni- 
formly thinned; the rate of thinning depends solely on the current density 
and can therefore be controlled. He took a strip of iron, heated it at one 
end so as to produce the usual sequence of colors, and subjected the lower 
part (only) to reductive dissolution, keeping the upper half dry to serve 
as a comparison. It was soon found that the colors moved backwards rel- 
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atively to those on the dry half, thus realizing the reverse change. This 
removed the main difficulty to the interference theory. 

The manner in which the interference bands pass across the spectrum as 
the thickness increases was afterwards studied by Constable (3). Further 
papers by the author (4, 5) showed why the colors are weak or absent when 
very transparent films are present on very smooth and highly reflective 
surfaces, and why the wavelengths missing from the specular reflection are 
present in scattered light—another fact once considered to be inconsistent 
with the interference theory. 

It may be remarked that reductive dissolution—first utilized for testing 
the interference theory of colors—was afterwards found to be important 
in other ways, as shown by various investigators working in the author’s 


laboratory. Miley (6) used the principle to obtain rough measurements of 


the color-film thickness, by observing the coulombage needed for the 
complete destruction of the oxide, and more precise electrometric measure- 
ments, also based on reductive dissolution, were later carried out by D. 
Eurof Davies (7). Pryor (8) studied the reductive dissolution of ferric 
oxide, not only as a film, but also as pure ferric oxide powder, which, al- 
though only slightly and slowly attacked by direct exposure to dilute acid, 
is readily attacked when floated on mercury and exposed to the same acid 
under cathodic conditions. Reductive dissolution explains why stainless 
steel containing chromium will resist dilute acid under conditions where 


_unalloyed iron is rapidly attacked. The oxide present on unalloyed iron 


readily suffers reductive dissolution, since, at pores or film defects which 
appear spontaneously, the cell 


Metal (anode) | acid | ferric oxide (cathode) 


destroys the film by cathodic reduction; this can be avoided if the iron 
specimen is made an anode, or if chromic acid is present, which is reduced 
in preference to ferric oxide; under such circumstances the author (9) found 
it possible to expose tinted iron specimens in acid without the rapid destruc- 
tion of the colors which normally occurs. In films containing chromium, 
the instability of the divalent condition in chromium makes reductive 
dissolution difficult, and dissolved oxygen can now play the part of the 
chromic acid. Berwick (10) found that stainless steel (unheated and thus 
carrying only an invisible film) could remain in dilute acid without attack, 
provided that oxygen was present; when the oxygen was entirely removed, 
vigorous attack took plaee. 

In calculating film thicknesses from color, it was at one time assumed that 
the phase change on reflection was always 0 or 7. Tammann (11), who (even 
in 1920) believed that the colors were due to interference, made this 
assumption when he used the development of colors to follow the thickening 
of iodide and other films. For this and other reasons, the simple method 
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which he used for calculating the thickness (division of the thickness of the 
air film giving the same color as the film on the metal by the refractive 
index of the film substance) gives erroneous results, as was shown in the 
author’s laboratory by Bannister (12), who compared the thicknesses of 
the same films by four different methods (microgravimetric, coulometric, 
nephelometric, and Tammann’s simple color method); the first three 
methods agreed, but the fourth gave divergent results. Bannister, however, 
calibrated the color scale against microgravimetric measurements and was 
then able to use the color comparisons to study the thickening-law for 
silver iodide films produced when silver was immersed in a chloroform 
solution of iodine. 

The specific phase change has been studied in detail by Winterbottom 
(13) and more recently by Charlesby and Polling (14), whose work on the 
colors produced on tantalum by anodic polarization in ammonium borate 
solution deserves special attention. The color sequence runs through 
numerous “orders,” red appearing several times. The phase change at the 
metal-oxide interface was measured with some accuracy; it varies with 
wavelength, being 0.2 7 at 2700 A. and 0.8 7 at 8000 A. 
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INTRODUCTION 


Far too little is known about the molecular mechanism of the therapeutic 
action of ionizing radiations. An important problem at the present time is 
to ascertain whether or not inhibition of synthesis of deoxyribonucleic acid 
(DNA) after therapeutic doses of radiation is a primary biological process. 
_ The problem is more difficult than it was at first thought to be. The in- 
hibition of additional formation of DNA after irradiation appears to be 
the most radiosensitive metabolic process observed so far in the cells of 
malignant tumors. It is found that in tumor cells for some hours after 
irradiation in vivo with single doses of X-radiation of 1000 r or more, eg., 
in the Ehrlich ascites tumor after 1250 r (1, 2) and the Yoshida sarcoma 
after 1000 r (3), the formation of new DNA is stopped and the content 
of DNA per cell remains substantially unchanged. At the same time there 

is a more or less normal progressive and roughly proportional increase in 
the mean cell volume and content of ribonucleic acid (RNA), nitrogen, 
and water. 

The relations between the inhibition of synthesis of DNA and the proc- 
esses of mitotic inhibition and chromosome breakage, and the ultimate 
death of the tumor cells after therapeutic irradiation, are incompletely 
understood. The work of Howard and Pele (4) suggests that in Vicia faba 
seedlings the immediate delay in entering division which results from ir- 
radiation cannot be attributed to delay in DNA synthesis and that delay 
in entering division and chromosome breakage behave differently in rela- 
tion to irradiation. Holmes and Mee (5) showed similarly that the proces: 
of DNA synthesis in regenerative hyperplasia in the rat liver is easily in- 
hibited by irradiation before the actual synthesis begins and that delay 
of mitosis and chromosome breakage do not necessarily depend on in- 
hibition of DNA synthesis. Studies of the regenerating liver and normal 
tissues of the mouse led Kelly and Payne (6) to the working hypothesis that 
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DNA turnover per se is not radiosensitive and that its depression after 
irradiation might be a consequence of mitotic inhibition. Pele and Howard 
(7) suggest that different mechanisms of action are responsible for the in- 
hibition of DNA synthesis and the reduction of growth rate in bean roots. 

Only limited information is available about the relative biological ef- 
ficiencies of fast neutrons and X- or y-radiation for the various processes 
involved. For depression of P® uptake in lymphomatous tissue in the mouse 
by fast neutrons and X-rays, Scott (8) found a value of the X/n ratio of 
roughly 6, which corresponds to a value of the relative biological efficiency 
of about 2.4 (9). In these experiments the neutrons possibly caused greater 
regression of the tumor than did the X-rays, but the doses used were not 
sufficient to produce permanent retrogression. However, this value of 
the relative biological efficiency is about the same as that obtained for in- 
hibition of “takes” of the tumor (10) and production of chromosome ab- 
normalities (11). In the bean roots in the meristematic resting cells, Howard 
and Pele (4) found that doses of neutrons smaller than a dose of X-rays 
by a factor of at least 2.5 produced the same reduction of the number of 
cells synthesizing DNA during 12 hours following irradiation. There is 
often considerable experimental error in the measurement of relative 
biological efficiency. However, these values of the relative biological ef- 
ficiency for inhibition of uptake of P® appear to be roughly the same as 
those for lethal effects and production of chromosome abnormalities in 
the same material but almost certainly higher than those for mitotic in- 
hibition (see, for example, references 12-14). 

A further problem is that even large doses of X-radiation, e.g., 9000 r, 
reduce the uptake into DNA of P® as phosphate and C" as acetate, glycine, 
and adenine only to about 50%, when there is no destruction of cells and 
when effects of shock are avoided (compare references 15 and 5). This re- 
duction does not seem to be accounted for by action of the radiation on 
cells in a sensitive stage only. One must raise the possibility of two alterna- 
tive metabolic pathways of synthesis of DNA, one radiosensitive and one 
radioresistant, or even two types of DNA, with turnover of different radio- 
sensitivity. 

On general grounds it seems reasonable to assume that complete and 
permanent inhibition of synthesis of new DNA would stop the growth of 
a malignant tumor. This by itself would not necessarily lead to death of 
the cells, but it is likely that such damage to the duplicating mechanism 
of DNA would render the DNA incapable of carrying out its normal func- 
tions in relation to cell metabolism. However, there appears to be no direct 
experimental evidence about this. 

In considering the effect of a therapeutic dose of radiation which leads 
to permanent retrogression and healing, it is suggested that as a first 
approximation the radiation stops the duplication of the DNA present, 
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1.e., it stops the formation of new DNA in an amount equal to that present 
at the time of irradiation. It is recognized that after the irradiation some 
cells may succeed in passing through several divisions before dying but 
other cells degenerate with or without attempted division. The importance 
of the stroma reaction in removing the tumor cells injured by the radiation 
and perhaps in preventing their recovery (16, 17) must be emphasized, but 
it is unlikely that this process has any direct effect on the primary radio- 
biological process. It is suggested that the stroma reaction may be chemo- 
tactic and due to diffusible metabolites liberated from the tumor cells in- 
jured by the radiation. 

It would appear to be particularly important to find out the details of 
the mechanism by which X- and y-rays interfere with the synthesis of 
DNA and nucleoproteins in proliferating cells in order to try to provide 
a more rational starting point for the chemotherapy of cancer. 


ULTRAVIOLET PHOTOMICROGRAPHIC STUDIES 


Although the methods of classical histology show no obvious changes 
shortly after irradiation, experimental studies which I have carried out 
over a number of years with the use of ultraviolet photomicrography have 
shown disturbances of cellular nucleic acid metabolism in several types of 
cells within relatively short times, even some minutes after irradiation. 


In my early work on the accumulation of pentose nucleotides in cytoplasm 
after irradiation and inhibition of synthesis of deoxyribonucleic acid by 


irradiation (reference 18(a), 18(b)—pts. 1, 2, and 3), a substantial increase 


in cytoplasmic absorption at 2537 A. was found in a number of human 


malignant tumors at 80 minutes after irradaition. The magnitude of the 


_ change was consistent with the presence in the irradiated cytoplasm of ribo- 
nucleotides in local concentration often of the order of 3%. In further 
work (19, 20) experiments using ribonuclease in conjunction with quantita- 


tive ultraviolet photomicrography showed that the cytoplasmic nucleotides 
accumulating after irradiation were mainly ribopolynucleotides closely re- 
sembling and probably identical with ribonucleic acid. Extraction methods 
showed characteristic nucleotide absorption with maximum at the wave- 
length 2620 A. It is important to note that the increase in ribonucleotide 
absorption occurs almost entirely after irradiation with doses less than 
750-1000 r; at higher doses usually there is no increase in concentration of 
ribonucleotide absorption and often a definite decrease, presumably owing 
to interference with less radiosensitive processes in the disturbance of 
cellular nucleic acid metabolism (see reference 21). Subsequent experi- 
ments have detected increased cytoplasmic absorption in a biopsy of a 
human basal-celled carcinoma of the skin taken immediately after de- 
livery of 40 r of y-radiation in 43 minutes. 

It is of interest that Euler and Hevesy (22) observed an increase in the 


320 J. 8. MITCHELL 


specific activity of the nucleic acid phosphorus at 2 hours after irradiation| 
of the Jensen rat sarcoma with small doses of 77-310 r, though the main} 
result in this classical paper is the reduction of P® turnover in DNA alter} 
irradiation with doses of 460-7000 r. 

Histochemical studies by Petrakis, Ashler, and Ferkel (23) of the effects F 
of total body irradiation on the liver cells of the rat showed an initial in-| 
crease in cytoplasmic RNA during the first 24 hours after 600 r and a de-| 
crease later; after 1500 r there was a decrease during the first 3 hours, then | 
an increase during the next 3 hours to 40% above the controls, and a de- | 
crease at 24 hours. 

In studies of the effect of X-rays on the Ehrlich ascites tumor, Forssberg | 
and Klein (2) found that the amount of ATP and ADP per cell showed a | 
considerable but transient increase soon after irradiation; the surplus | 
amount disappeared at a high rate and in an approximately linear fashion | 
between 35 and 100 minutes after irradiation. | 

Since 1940 I have been carrying out experiments on the irradiation of | 
tissue cultures mainly of chick fibroblasts in sztu on the stage of the ultra- 
violet microscope. Very little of this work has yet been published because 
of the difficulties of precise quantitative interpretation. The result of an 
experiment in which chick fibroblasts in culture (provided by Mrs. I. 
Simon-Reuss) received a dose of 435 r of X-radiation delivered in 6 min. 
has been published (24). There appeared to be an increase in cytoplasmic 
absorption at 2537 A and also an increase in diffusible absorbing material 
in the photograph taken at between 2 to 6 min. after the end of the X-ray 
exposure. At about 87 min. after the irradiation the characteristic ab- 
sorption was lost, the cells were breaking down, and there appeared to be 
gross damage to the chromosomes. 

A great many control experiments were carried out which showed that 
the ultraviolet radiation used for these exposures did not produce effects 
comparable with those observed after exposure to X-rays. There was evi- 
dence of a hyperchromatic effect after the first photographic exposure, but 
there was no obvious change in ultraviolet absorption for about 20 subse- 
quent photographic exposures. Visible light only was used for focusing. 
It is now reasonably certain that under the conditions of most experiments 
of this type, the ultraviolet radiation used for the photographic exposures 
produces effects in the living cells which are not negligible, including 
blockage of the course of mitosis. Accordingly attempts are being made to 
develop methods with much lower intensity of ultraviolet light. 

More recently, Dr. G. H. Hjort, who worked with me in Cambridge, 
has used the methods of ultraviolet photomicrography to study the effects 
of total body irradiation with doses between 75 and 1200 r on the lympho- 
cytes of lymphoid tissue in adult rats. The sections were prepared from 
frozen dehydrated tissue. It has been found that an increase in nucleotide 
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type of absorption mainly in the cytoplasm can be detected as early as 15 
minutes after irradiation, and this biochemical change appears before any 
morphological changes can be detected. There is, however, wide variability 
in the behavior of different cells in respect to these changes, and much 
further quantitative examination of the experimental material is necessary. 


Ionic EFFIcIENCY 


It is useful to express the effects of irradiation on inhibition of synthesis 
of deoxyribonucleotides by means of a crude estimate of the ionic efficiency 
(cf. reference 19). In a typical small human tumor, e.g., an early squamous 
carcinoma, of the skin, it is possible to effect a permanent cure by adminis- 
tration of a single dose of 2250 r of y-radiation such as that of Ir! of mean 
energy 0:38 m.e.v. It will be assumed as a first approximation that this 
dose of radiation ultimately stops the formation of an amount of new DNA 
equal to that already present in the proliferating part of the tumor. In 
a typical example, the mean diameter of the nuclei of the tumor cells was 
6.86 » and the mean DNA content per nucleus was found by ultraviolet 
photomicrographic absorption measurements to be 7.8 X 10°” g. (com- 
pare, e.g., reference 25). Hence there are approximately 1.44 X 10° mono- 
meric deoxyribonucleotides of average molecular weight 327 per nucleus. 
A dose of 2250 r of y-radiation corresponds to the formation within each 
nucleus, of average volume 169 yu’, of 2250 x 169 X 179r==:6:81s>4 10540n 
pairs. Hence the ionic efficiency, which is the number of monomeric de- 
oxyribonucleotides whose formation (or duplication) is inhibited per ion 
pair, is 2.11 X 104. Such a value would correspond to inhibition of forma- 
tion of one polymeric molecule of DNA of molecular weight 6.9 X 10°. 
This value is essentially identical with the value of about 6 x 10° obtained 
in a number of recent measurements of the weight of DNA molecules ex- 
tracted from calf thymus (26), herring sperm heads (27, 28), E. colt (29), 
and pneumococcus transforming principle (30). Such good agreement is 
almost certainly fortuitous, since the method of calculation is crude. 

However, the calculations suggest that one ion pair stops the formation 
of one molecule of DNA. The possibility of a direct action mechanism in- 
volving DNA or possibly a DNA-protein must be raised. The mediation 
of the now well-recognized radiochemical mechanism involving the forma- 
tion of H atoms and OH radicals and H» and H:0: is likely. However, the 
distinction between direct and indirect mechanisms of action is less clearly 
defined than previously thought since the demonstration of protection and 
oxygen effects in the irradiation of solid polymers (31). 

It may be suggested that damage anywhere in the DNA molecule stops 
self-duplication. It is tempting to speculate that there is a mechanism of 
separation involved in the duplication of DNA which may be likened to 
the opening of a “zipper,” and that this can be blocked by the changes 
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produced by one ion pair occurring anywhere in the sensitive region in the 
whole length of the duplicating system. 

However, quite apart from the details of the mechanism, these considera- 
tions suggest that therapeutic doses of y-radiation produce what may be 
termed a “macromolecular lesion” involving effectively the whole of the 
DNA or DNA-protein in the tumor. Thus this lesion appears to be an im- 
portant type of damage concerned in the mechanism of the therapeutic 
action of ionizing radiations. The details of its relation to mitotic inhibition 
and chromosome breakage are not clear. In considering the role of in- 
hibition of synthesis of new DNA it is not unlikely that there are different 
biochemical effects at different levels of radiation dose. 

A consequence of these considerations which should be capable of ex- 
perimental test is that it is possible that the molecular weight of the DNA 
is lower in radioresistant tumors than in radiosensitive tumors and that 
there may be an approximate proportionality between the molecular 
weight of the DNA and the radiosensitivity of cells in general. It is, of 
course, almost certain that other factors are involved especially when com- 
paring cells from different species and different types of organism. One 
problem is the difficulty of measurement of the molecular weight of the 
DNA and the DNA-proteins in vivo. The radiosensitivity may be expressed 
quantitatively in terms of the reciprocal of the dose required to produce 
some measurable effect such as permanent retrogression of 50% of tumors 
in the assessment of radiocurability. 

The concept of a “macromolecular” lesion renders possible a common 
mechanism of lethal action of ionizing radiations on proliferating cells and 
by the process of acute cytolysis observed in the small lymphocyte and 
some highly radiosensitive tumor cells. 


SUMMARY 


Evidence is presented which suggests that an important type of damage 
produced by therapeutic doses of ionizing radiation is a ‘‘“macromolecular 
lesion” involving deoxyribonucleic acid (DNA) or DNA-protein. 

Experimental studies by means of ultraviolet photomicrography have 
shown disturbances of cellular nucleic acid metabolism within relatively 
short times, even some minutes, after irradiation. 

In a typical example of a small human tumor curable by radiotherapy, 
a crude estimate of the ionic efficiency shows that one ion pair is associated 
with inhibition of formation of one polymeric molecule of DNA of molecular 
weight about 7 X 10°. 

Further experimental studies are suggested. 
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The care of art treasures has progressed notably during the present 
century. For this, two basic concepts are mainly responsible, at least so far 
as paintings are concerned. The first is that pictures (especially those of 
“classical” art) are layer structures—almost a rough large-scale version of 
the Schichten-gitter of the crystallographer—and the second recognizes that, 
in the last resort, the well-being of such a stratified system is a problem in 
energetics. Thus, we are confronted by many of the elemental questions of 
chemical physics, combined at certain points with a touch of engineering, 
such as would have delighted the heart of Willard Gibbs. In our own day, 
an approach of this kind is facilitated by the contemplation of certain 
aspects of colloid science and surface chemistry, thus indicating a debt to 
Sir Eric Rideal, and the atmosphere pervading his laboratory at Cambridge 
when the present author was a research student there some 30 years ago. 

From the point of view of conservation, it is well to recollect that the 
stratified object in mind, namely, a painting, is of necessity immersed in an 
environment of a certain relative humidity. It is this which occasions an 
exchange of energy between the layers and the surrounding air. The aim of 
the scientist is to reduce this exchange to a minimum, or, graphically 
expressed, to narrow the area of the hysteresis loop representing input and 
output of moisture. Wood, upon which many ancient pictures are painted, 
may be considered as a complex pseudo-colloid, possessing an approxi- 
mately hexagonal symmetry. Its reactions to temperature and changes in 
moisture content (compared with dry weight) may therefore be expected to 
show anisotropic characters with respect to the direction of grain. Largely 
owing to this feature, strains are set up in the ground, paint, and surface 
layers above, and most cases of deterioration can be traced to the corre- 
sponding stresses. Theoretically, the water-vapor differential of canvas is 
opposite to that of wood, i.e., it shrinks when wet and expands when dry, 
but artists’ canvas does not behave so; on account of the priming, its 
hygroscopic nature overpowers the normal molecular reorientation of the 
cellulose chains. Experiments carried out in the years before the World War 
II demonstrated clearly that equilibrium between support (wood or canvas) 
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and its environment would be obtained at a relative humidity of around 
58% at a temperature of approximately 63°F. Upon thermodynamic 
principles of this nature, the National Gallery’s wartime deep-shelter 
repository was designed, and the experience so gained was in fact carried 
into permanent practice with the establishment of air-conditioning in part 
of the London building as soon as practicable after the cessation of hostili- 
ties. This matter of a satisfactory modus vivendi for great paintings has been 
discussed first because, manifestly, it is futile to apply chemical or physical 
methods to them individually, if year in year out they are being subjected 
to distortions akin to those found in reciprocating machinery, and which 
lead, first to “fatigue,” and then possibly to ultimate collapse. Given, 
therefore, a reasonable ‘“‘climate,’’ we can hope to initiate means whereby 
pictures themselves can be scientifically treated. 

Two major enquiries present themselves at once. One is the constitution 
of the natural resins (so widely used in the arts for surface coatings), and the 
other is the diffusion effect of organic solvents upon old linoxyn films, a 
factor of fundamental importance for a deeper understanding of the com- 
plicated process of cleaning. 


I. CHROMATOGRAPHY OF NATURAL RESINS 


Paint media and varnishes have always been an intractable subject 
from the point of view of analysis; their constitution is most involved. For 
dammar and mastic (and no doubt for others, too), the distinction between 
the alcohol-soluble a-resene, and the alcohol-insoluble 6-resene has a sound 


basis. The former has been found to be a complex mixture of triterpene 


alcohols, ketones, ketols, and so on, whereas the f-resene is a mixture of 
polymeric materials covering a wide range of molecular weights and of low 
oxygen content. The techniques of chromatography have proved of great 
value in this field. 


IJ. Dirrusion IN FILMS 


This general problem covers several associated matters: the process of 
diffusion of solvents into varnish, the solvent power of mixed liquids, and 
the mechanical properties of swollen varnishes. A beginning has been made 
upon all these. Optical methods (interference especially) have been used 
to tackle diffusion, the advance of the penetrant liquid causing a change in 
refractive index and thus a change of the Fizeau fringes from which the 
concentration gradient can be found. As regards solvent power, critical 
mixtures of organic liquids have been demonstrated with marked effect upon 
the degree of swelling. Mechanically, linoxyn bears some resemblance to 
rubber, and useful analogies may be expected from tests in rubber tech- 


nology. 
The study of new materials for use in the arts has not been neglected. 
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Examples are cold-setting adhesives, and the possibilities of Polythene and 
Saran as moisture barriers. In fact, one of the outstanding difficulties is, 
and has been, to evolve a completely satisfactory method of measuring the 
moisture permeability of surface films, in spite of several attempts by 
various workers on an industrial scale. 

In general, the preoccupation of the laboratory with urgent ad hoc 
activities has not prevented, as the foregoing will have shown, due attention 
being devoted to long-term considerations, particularly of a kind stemming 
from the pioneer work of Sir Eric Rideal and his School. 
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ABSTRACT 


The reaction between ferrimyoglobin, Fey,(H2O), and hydrogen peroxide results 
in a one-equivalent oxidation of the hemoprotein giving a higher oxidation state of 
the molecule whose structure is best represented as a complex ferryl ion, Fey,O. 
A kinetic study of the formation of this compound, ferrylmyoglobin, shows that 
there are two reaction paths, the acidic form of ferrimyoglobin, Fey, (H20), reacting 
with H.Os, and either the alkaline form, Fem,OH, reacting with H2Oz2, or the acidic 
form reacting with O.H-. 

Two possible reaction mechanisms for the formation of ferrylmyoglobin are ex- 
amined in the light of the quantitative kinetic data obtained. The first involves the 
production of an OH radical in a reaction similar to that usually written for the fer- 
rous ion reaction, except that the oxidation states are all higher by 1 in the ferrimyo- 
globin reaction. The second involves the initial formation of a +5 oxidation state in 


the rate-determining step, which then undergoes extremely rapid reduction to ferryl- 


myoglobin by reducing groups present in the system (i.e., in the protein part of the 
molecule). In the latter mechanism, ferrimyoglobin would conform to the same 
pattern of oxidation-reduction behavior shown by the hemoprotein enzymes, per- 


_ oxidase and catalase. 


INTRODUCTION 


Ferrimyoglobin is a hemoprotein in which the prosthetic group, ferric 
protoporphyrin, is joined to a protein of molecular weight 17,000. When 
H.O, is added to it a red compound is formed having well-defined spectro- 
scopic characteristics (1). This compound was originally thought to be a 
complex of the enzyme-substrate type, and the view was strengthened 
by the work of Chance (2), who showed that the kinetics of the reactions 
of H.O. and alkyl hydroperoxides with peroxidase and catalase, hemo- 
proteins similar in structure to ferrimyoglobin, could be satisfactorily 
explained using a modification of the Michaelis-Menten mechanism of 
enzyme action. 

In previous papers (3-6) we showed conclusively that the red compound 
is not an enzyme-substrate complex but a higher oxidation state of ferri- 
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myoglobin, one oxidation equivalent above ferrimyoglobin, capable of 
being formed by other oxidizing agents besides peroxides. In other words, 
it reacts as if the iron is in the oxidation state +4. Other experimental 
studies showed the site of oxidation to be the iron atom itself, and not 
some other point in the very complicated molecule. Since it represents 
the first well-authenticated case of a stable derivative of quadrivalent 
iron, it is of interest in inorganic chemistry; and the reaction by which it is 
formed with hydrogen peroxide is of significance from the physicochemical 
standpoint for the following reason. 

Our earlier investigations showed that in the reaction of ferrimyoglobin 
with HO, a transient oxidizing entity was produced along with the stable 
red compound (3). This entity has many of the properties of the OH radical, 


O 
be 
=>N—Fe—n <= 
= N 
Protein 
ETGa le 


and the chemistry of the ferrimyoglobin-H20, reaction can be satisfactorily 
accounted for on the assumption that it is formed: 


Feet (H.0) + H.0.—> Fey) + OH + ete. [1] 


where Fey (H.O) denotes ferrimyoglobin and Fem» the higher oxidation 
state. On this basis, therefore, there is a formal similarity to the first step 
in the reaction between the ferrous ion and hydrogen peroxide when it is 
written in the form 


Fe?t+ H.0. > Fe’t+ OH + OH’, [2] 


the chief difference being that in the hemoprotein case the oxidation 
numbers are higher by 1 throughout. 

Measurements of the change in pH which accompanies the formation 
of the higher oxidation state by potassium chloriridate, and also of the pH 
variation of the equilibrium constant for this reaction, show 2 moles of Ht 
to be liberated per mole of ferrimyoglobin oxidized (6), i.e., 


Feit (H.0) + IrCle = Feyy + 2H + IrCle + ete. [3] 


The structure which best fits these data, in relation to other reactions of 
the higher oxidation state, is that of a coordination compound of the 
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hypothetical ferryl ion, FeO?+, with four of the six bonds about the iron 
atom within the octahedral complex to pyrrolic nitrogen atoms of the 
porphyrin ring, the fifth linking the iron to a group in the protein, and 
the sixth binding the oxygen atom which characterizes the ferry] ion type 
of structure (Fig. 1). The higher oxidation state is thus conveniently 
referred to as “ferrylmyoglobin.” 

The present paper deals with the kinetics of its formation by H,0, 
under various conditions of pH, temperature, and ionic strength. The 
significance of the results, and in particular the energetics, are discussed 
in the light of previous knowledge of the chemistry of the reaction and 
similar reactions of peroxidase and catalase. 


EXPERIMENTAL 


Materials. Ferrimyoglobin was prepared according to the method de- 
scribed previously (3). The H:O2 was pure 97 % (w/w) free from inhibitors, 
kindly supplied by Laporte Chemicals Ltd. 

Measurement of Rates. The rate of formation of ferrylmyoglobin was 
determined by measuring the change of optical density with time at a 
suitable wavelength (409 mu), using a Unicam Quartz spectrophotometer 
adapted for work at constant temperature. 


RESULTS 
1. The Effect of pH on the Rate of Formation 


Experiments were restricted to the pH region between 8.0 and 9.5, where 
it was known from previous investigations that only slight destruction 
of the hemoprotein molecule occurred during the oxidation (3). Within 
this region good second-order plots were obtained up to 80% reaction, 
but beyond this deviations from linearity were noticed. This was to be 
expected since, through side reactions, a little more than 1 mole of H:O2 
is required to give 1 mole of ferrylmyoglobin. Figure 2 shows some of the 
Second-order plots obtained at 22.0°C. and I = 0.02, and in Table I the 
values of the second-order constant, kops., are listed for different pH values 
at four temperatures. 

Inspection of the data shows that ko»s, decreases slightly as the pH 
increases from about 8.0 to 8.5, but more markedly in the range 8.5 to 9.5. 
This effect could arise through the ionization of the peroxide molecule or a 
eroup in ferrimyoglobin itself, which is known to have a pK of about 9.0 
(7). This group is believed to be a water molecule coordinated to the iron 
atom in the acidic form, for the ionization is accompanied by a profound 
alteration in the spectra of the ferrimyoglobin comparable to that resulting 
from the formation of its cyanide and azide complexes. In these reactions 
the change in magnetic susceptibility, from that appropriate to a “pre- 
dominantly ionic” structure to that of a “predominantly covalent”’ struc- 
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TIME (min.) 


Fic. 2. Second-order plots for the ferrimyoglobin-H2O» reaction at 22°C. and 
I = 0.02 at pH 8.02: @; 8.43: ©; 8.81: O; and 9.26: A. 
Ferrimyoglobin concentration, a = 4.34 X 10-°M; 
H.O: concentration, b = 11.49 X 10-°M; 
Ferrylmyoglobin concentration, # at time ¢. 


TABLE I 


Variation with pH of the Observed Second-Order Velocity Constants (kovs., 1. mole! 
sec.) for the Reaction of H2,02 with Ferrimyoglobin at I = 0.02 


(a) T = 15.04 0.1 (6) T = 22.024 0.2 
pH Robs: pH Robs- 
8.07 121 + 2 8.02 203 + 5 
8.27 106 + 2 8.22 183 + 6 
8.48 100 + 3 8.43 170 + 3 
8.66 92 + 2 8.61 165 + 3 
8.86 76 + 2 8.81 1438 + 2 
9.08 68 + 2 9.03 118 + 4 
9.26 98 + 2 
9.46 85 + 3 
(c) T = 29.7 + 0.3 (d) T = 86.0 + 04 
pH Robs pH hobs: 
8.38 282 + 11 8.34 473 + 11 
8.56 251 + 6 8.52 413 + 11 
8.76 224+ 7 8.72 3385 +— 9 
8.98 211 — 7 8.94 311 + 12 


9.21 LST =e 9.17 PAL eae AY) 
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ture, leaves little doubt that the cyanide and azide are bonded to the iron. 
The ionization in question can thus be represented by the equation 


at, K¥e 
Beg (H.O)=—" Few OU. He [4] 


with the acidic form carrying a net charge of + 1, since two of the three 
positive charges of the ferric iron are cancelled by negative charges on 
two of the pyrrolic nitrogen atoms of the porphyrin ring. The correspond- 
ing formula for ferrylmyoglobin is Fe,,0. 

If the peroxide reacted exclusively through its anion, O.H-, then in the 
pH range 8.0 to 8.5, kobs. would be approximately proportional to 1/H*. 
The data in Table 1 are clearly inconsistent with this mechanism. But the 
two following mechanisms give identical kinetic expressions which account 
very well for the observed variation. First, if acidic and alkaline ferrimyo- 
globin react with peroxide with velocity constants ka and ky 


e450): HO," FeyunO 4 ete. 
FeypOH + H202 ae 


> FempO + etc., 


kops. Would vary with hydrogen ion concentration according to the equa- 
tion 


k a kaH* kp Kr¥e [5] 
VODSs) ae ey ae Ht Kae if jefe 
where Ky, is the ionization constant. This may be rearranged to give 
Kops. Kre ae lal) = palate AP kp Ke. [5a] 


On the other hand, if acidic ferrimyoglobin exclusively reacts with H:O:2 
and O.H-, with the velocity constants ka and k’, 


Fou) H20) HO, — => Fey, 0 ete. 


Fes, (H.0) + OsH- —®> Feu,0 + Ste. 


then the rate equation is given by 


Ht | ka Ht ky Kp 


= [6] 
Boe — (meek HH Ko bins Keck 


where K, is the ionization constant of hydrogen peroxide. Since K, © 
2 < 10-, for the range of hydrogen ion concentration employed, Ht > K,, 
so this equation can be simplified and rearranged to give 


kovs.(Kre ap lab") = Remlalag ar ks Kop, [6a] 


which is identical in form with Eq. [5a]. With the use of the values Ol Kare 
obtained from the work of George and Hanania (7), the resulting plot of 


332 PHILIP GEORGE AND D. H. IRVINE 


20 
wre) 
x 16 
> 
x 
+ 
2 12 
x 
“” 
2 
° 
=< 8 
4 
fe) 2 4 6 8 10 


Ht x 109 
Fia. 3. Plot of Kops.(Kre + H*) against H+ for data obtained at 22°C. and I = 0.02. 
Ky, is the ionization constant, Fey, (H.0) = FemOH + H*. 


TABLE II 


Variation with Temperature of the Velocity Constants ka and ky(l. mole sec.-') for 
the Reaction of H2O2 with the Acidic and Alkaline Forms of Ferrimyoglobin 


AAG ka ko 
15205-= O51 IPP) 2 2 22.0 + 1.5 
22.0 + 0.2 220 + 6 49.0 + 3.0 
Perl fet (N50) 320 + 16 1440 + 15 
36.0 + 0.4 607 + 33 1975 Sae22 


kops. (Kye + Ht) against H* is linear, as shown for the data at 22.0°C. 
and I = 0.02 in Fig. 3. Hence on this analysis alone both mechanisms are 
equally valid. Values of k, have been obtained from the slopes of the lines 
at the four temperatures used, but values of ky were arrived at by plotting 
Koos. (Kye + Ht+)/H* against 1/H*+. This method was used in preference 
to that of utilizing the intercepts on the previous plots because, although 
subject to large errors, it was much more sensitive. The values of k, and 
ky are recorded in Table II, and from the latter k’, can be evaluated from 
the relationship kxKy. = k’,K, which follows from the comparison of Eqs. 
[5a] and [6a]. 

It may be noted that in the plot of kins. (Are + H*) against H+ in Fig. 
3, the point corresponding to the most acidic solution pH 8.02, does not 
lie on the straight line, and that the discrepancy is outside the limit of 
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experimental error. Now it is known that there is another ionizable group 
in ferrimyoglobin, possibly on the amino acid residue to which the ferric 
protoporphyrin is attached, whose ionization affects the velocity constants, 
and hence the equilibrium constants for the formation of ferrimyoglobin 
fluoride, and cyanide (8-10). It has a pK of about 6.1 at 20°C. This ioniza- 
tion, therefore, is very likely the cause of the discrepancy. Dalziel and 
O’Brien (11) have observed a similar effect in the reaction of H,O2 with 
ferrihemoglobin, a hemoprotein of molecular weight 68,000 with four ferric 
protoporphyrin groups attached to it, which also possesses similar ‘“‘heme- 
linked”’ ionizable groups (12). Unfortunately, in solutions acid to pH 8.0, 
since side reactions occur involving irreversible oxidation and destruction 
of the protoporphyrin (8), a reliable quantitative investigation of the 
participation of these ionizing groups cannot be made. 


2. The Effect of Temperature 


From plots of logio ka and logio k» against 1/7 the activation energies 
were evaluated, and together with data for the variation of Ky, and K, 
with temperature (7, 13), the activation energy for the reaction with 
velocity constant k’, was calculated, giving 
101!-7£0.7 exp. — (12,600 + 1000)/RT 


1016-542.2 exp. — (20,000 + 3000)/RT 
1017-4#2.2 exp. — (17,600 + 2500)/RT 


I ol 


Ka 
kp 
kp 


3. The Effect of Ionic Strength 


A direct experimental determination of the effect of ionic strength on 
the rate constant kovs. was impracticable because changing the ionic 
strength changed the pH of the buffer solution. It was therefore decided 
to estimate the effect by measuring the rate constant at a known ionic 
strength, determining the pH of the solution, and making a comparison 
with the constant calculated from Eqs. [5a] arid [6a] according to various 
ionic strength variations of k, and ky, of ka and k’,. With the spectrophoto- 
metric technique employed it was not possible to carry out experiments 
in the absence of air, and absorption of carbon dioxide by very dilute 
buffer solutions in the pH range about 9.0 prevented an investigation of 
the ionic strength effect in this particular range, where the term containing 
ky or k’, makes a significant contribution to k,,;.. Data obtained at a pH 
of about 8.2 are given in Table III. On the assumption that ka, and ky or 
k’,, are independent of ionic strength, calculated values of Kops. agree quite 
well with the experimental values, as shown by the comparison of columns 
3 and 4. Since at this pH the term containing hy or k’y contributes only 
about 8% of kops., the variations of Kops, with ionic strength would in any 
case be very little affected by any variation of ky or k’,, and it may be 
concluded that k,, which contributes the remaining 92 %, is therefore inde- 
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TABLE III 
The Effect of Ionic Strength on the Rate Constant at T = 25.0°C. 
I pH Robs: Reale: 
0.16 8.10 240 + 6 235 = 8 
0.04 8.18 230 + 5 227 +: 8 
0.02 8.21 225 = 9 224 + 8 
0.01 8.24 230 + 10 222 + 8 
0.005 8.25 250 + 5 222)-= 8 
0.0025 8.23 245 + 5 226 + 8 


pendent of ionic strength within experimental error. This is good evidence 
that ka does not correspond to a reaction between ionic species, and it 
therefore supports the conclusion drawn from the kinetic analysis that the 
reaction involves the undissociated H,O2 molecule. 


4. The Effect of Added Reducing Agents on the Rate of the Reaction 


Previous experiments had shown that if a reducing agent was added to 
ferrimyoglobin before the addition of H2O:, then, provided the concentra- 
tion of reducing agent did not exceed that of the ferrimyoglobin, ferryl- 
myoglobin was formed to almost the same extent as in the absence of 
the reducing agent (3). Measurement of the rate of formation under these 
conditions showed that this was also unaffected by the presence of the 
following reducing agents, ferrocyanide and iodide ions, tartaric acid, 
and mannitol. In these reactions deviations from second-order kinetics 
were observed after about 60% reaction. This can be attributed to partial 
reduction of the higher oxidation state by the reducing agent. When excess 
reducing agent was used, however, the couple ferrylmyoglobin/ferrimyo- 
globin acted as a catalyst for the oxidation of the reducing agent by per- 
oxides. An account of this will be published elsewhere. 


Discussion 


The difficulty in making a choice between two reaction mechanisms 
that lead to the same dependence of velocity constant on hydrogen ion 
concentration is not unfamiliar in reaction kinetics. In the ionic-iron- 
hydrogen peroxide system, the electron transfer Fe** + O2- — Fe?+ + Ors 
is preferred to the hydrogen atom transfer FeOQH?+ + HO, — Fe?+ + 
H.O + Oy, from a comparison with corresponding reactions of the cupric 
ion (14). In the oxidation of hydroquinones by ferric ions the electron 
transfer step Fe’+ + Q- — Fe?+ + Q is preferred to hydrogen atom trans- 
fer in FeOQH*+ + QH — Fe*+ + H.O + Q in view of the magnitudes of 
the entropy of activation and the overall entropy change (15). In the 
present case no choice can yet be made between Fey,OH reacting with 
H.O2, and Fey (HO) reacting with O.H-; moreover in the case of such 


hemoprotein reactions a special difficulty can arise as the following con- 
siderations show. 


FERRIMYOGLOBIN AND HYDROGEN PEROXIDE 335 


The values of the temperature-independent factors for these two reac- 
tions are 10!6-5+2.2 and 10”-4#2.2, respectively. High values are more ap- 
propriate to reactions between oppositely charged ions (16), so this cri- 
terion appears to favor the latter reaction, viz., Fem» (H2O) + O.H-. 
However, in the pH range 8 to 9.5 where the measurements were made, 
which is alkaline with respect to the isoelectric point of myoglobin, studies 
of the variation of the ionization constant, Ky, as a function of ionic 
strength, indicate that the ionization is accompanied by a change in 
charge on the iron atom of —2 to —8, provided the simple Debye-Hiickel 
theory is applicable to these systems (7). In other words, the net negative 
charge on the protein as a whole, which titration studies show is of the 
order —10 in this pH range (6), results in the iron atom “carrying” an 
effective negative charge of —2 in its acidic form and —3 in its alkaline 
form. This being so, the reaction of Fey, (H.0) with O2.H- would involve 
species with charges of —2 and —1 and so the magnitude of the tempera- 
ture-independent factor really favors the other alternative, Fey OH react- 
ing with H.O.. 

There is little doubt, however, that the chief reaction path in the pH 
range 8 to 9 entails Fey, (H20) reacting with H,O2, and the heat of the 
reaction can be calculated using thermochemical and bond energy data 
from the literature to compare with the observed activation energy of 
12.6 + 1 kcal./mole. If it is assumed, as the evidence would appear to 
indicate, that an OH radical is formed together with ferrylmyoglobin in the 
oxidation by H2O2, and that one H+ is liberated, the first step in the reaction 
of H,O2 with acidic ferrimyoglobin would be given by the equation: 


Fey, (H.0) + H:0: > Few,0 + H;0+ + OH [7] 


The heat of this reaction can be calculated from the heat of the following 
steps (6): 

Fex, (H20) + IrClf — FewpO + 2H+ + IrCli — 9.04 1.0kcal./mole [8] 

IrCls + H+ > IrCls + 4H» — 30.5 + 0.5 kcal./mole [9] 

H,0, + 44 H2—> OH: + H:2O + 21.6 + 2.0 keal./mole [10] 


to give the value —17.9 + 3.5 kcal./mole. The heat of reaction [10] is 
22.3 kcal./mole according to the standard heats of formation quoted by 
Latimer (17) for (H2O):, (H2O2)aq, and (OH-), together with the values of 
10.5 and 1.4 kcal./mole for the heats of solution of OH and Hk, respectively, 
adopted by Evans, Hush, and Uri (18). From the bond energy data com- 
piled by these authors, the heat of reaction [10] is found to be 20.8 kcal./ 
mole. A mean value of 21.6 has been taken as the best approximation and 
the uncertainty put at +2.0 kcal./mole. 

The endothermicity of reaction [7] is thus 17.9 + 3.5 kcal./mole, and 
the observed activation energy 12.6 + 1.0 kcal./mole. Although the 
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discrepancy is quite small, amounting to only 0.8 kcal. /mole if the highest 
activation energy and lowest endothermicity are chosen, these calculations 
suggest that reaction [7] may not be the actual rate-determining step. Con- 
sideration should therefore be given to a second reaction mechanism which 
could satisfy the energetics and still be consistent with the other experi- 
mental observations. This entails a rate-determining step in which peroxide 
effects a two-equivalent oxidation, giving a compound in which the iron 
is in the oxidation state +5, followed by the very rapid reduction of this 
compound to ferrylmyoglobin by reducing matter present in the system. 


rate-determining 
—_——————— 


Vv 
etc. 
ie Femp + 


Fet,, (H20) + H202 
Fe, single-equiv. reduction, Fe ,,O + etc. 


The assumption of a rapid reduction step is essential to account for 
the fact that the rate of formation of ferrylmyoglobin is unaffected by the 
addition of reducing agents, and for the observation that during the course 
of the reaction only the two species, ferrimyoglobin and ferrylmyoglobin, 
have been detected spectrophotometrically. On this hypothesis, the reac- 
tions previously attributed to the OH radical would be assigned to the 
single-equivalent oxidation products formed by the attack of the +5 oxida- 
tion state on the reducing matter present, e.g., groups on the protein. 
Transient radical species could easily result from an attack of this kind. 
The reaction which was taken to indicate the presence of the OH radical, 
namely, the luminol test, would also occur with these other species, pro- 
vided they were strong enough oxidizing agents. The complex ion, Ru 
(dipy)3*+, with Ho = 1.35 v., and the permanganate ion, Hy = 0.56 v., 
were found to oxidize luminol with an intense luminescence, showing this 
test not to be a characteristic of the OH radical as such, but merely an 
indication of its great oxidizing power and the rapidity with which it 
reacts. 

In this connection it is interesting to note that Cahill and Taube (19) 
have recently presented evidence which suggests that in the ferrous ion- 
hydrogen peroxide system, two-equivalent oxidation to give a quadrivalent 
iron compound is the important initiating reaction 


Fest, + HO» > Feag. + ete. 


However, the detailed kinetics have been explained so far only by a free 
radical mechanism in which the OH- radical is formed initially as in re- 
action [2]: the need to postulate the formation of a quadrivalent iron com- 
pound, possibly the ferryl ion, arose only when high ferric ion concentra- 
tions were present (14, 20). 

An interesting feature of the ferrimyoglobin-hydrogen peroxide reaction 
is the contrast between the rate data for the two reaction paths. In the 
reaction of H,Q2 with the acidic form, the activation energy 12.6 + 1.0 
keal./mole is relatively low, favoring the reaction, whereas the entropy 
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of activation, calculated to be —6.6 + 1.5 e.u., is unfavorable. In the case 
of the alkaline form reacting with H.O., or alternatively the acidic form 
reacting with O.H-, the activation energies, 20.0 + 3.0 and 17.6 + 2.5 
kcal./mole are much higher, but the entropies of activation are favorable, 
+15 + 10 and + 19.5 + 10 e.u., respectively. Since the formation of 
ferrylmyoglobin requires the removal of both hydrogen atoms bonded to 
the oxygen in the coordinated water molecule of acidic ferrimyoglobin, or 
the single hydrogen atom attached in the OH group of the alkaline form, 
the various transition states can be pictured as shown in Fig. 4, for the 
mechanism involving OH radical production. According to the second 
mechanism involving the initial formation of a +5 oxidation state, pro- 
vided this also had a bonded oxygen atom structure, the required align- 
ment of the reactants would be substantially the same. The negative 
entropy of activation of reaction a could be attributed to the special 
orientation required for the HO. molecule, with the peroxidic oxygen 
atoms bridging the hydrogen atoms of the coordinated water molecule. 
In view of the favorable entropy of activation for the second path, the 
need for no special orientation in reaction 6, in contrast to reaction 0b’ 
which resembles reaction a in this respect, could be regarded as evidence 
that this is the more likely of the two alternatives. The differences in acti- 
vation energy agree with this interpretation. It is likely that in ferrylmyo- 
globin a strong Fe—O bond is formed, and this could also be the case in 
the +5 state. But there is already quite a strong Fe—O bond in the alkaline 
form of ferrimyoglobin, since kinetic studies show this form to be unreactive 
in cyanide and fluoride complex formation (9), whereas, when the acidic 
form reacts, the formation of the Fe—O bond in the higher oxidation state 
would provide a greater balance of energy to offset the loss from bond- 
fission. 

Finally a comparison may be drawn between the reaction of peroxides 
with ferrimyoglobin and with the enzymes peroxidase and catalase, two 
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similar hemoproteins in so far as they have the same prosthetic group. 
In both of the enzyme systems the participation of two intermediate com- 
pounds is well established. One of these resembles ferrylmyoglobin, in 
that it is a single-equivalent oxidation product; the other is either a two- 
equivalent oxidation product, or a peroxide complex, 1.€., containing 302 
or O2H- as the ligand (21). Recent studies (22) favor the +5 oxidation 
state, and the interrelationship of the various compounds can be expressed 
by the following scheme, where Fes" denotes the ferriprotoporphyrin pros- 
thetic group of peroxidase or catalase, and AH, denotes a reducing agent, 


2-equiv. 
oxidation 


Fes+ + HO Fey + ete. 


FeY + AH, 222s [Fep” AH] feparetion, FelY + AH + ete. 
{ | +AH2 
Fei+ + A + etc. Fest + ete. 


Catalase Action Peroxidase Action 


The catalytic action of peroxidase involves, in turn, the two single-equiva- 
lent reduction steps, Fey — Fe,” and Fel’ — Fes* (23). Although the action 
of catalase appears to involve a distinct two-equivalent reduction, Fe, > 
Fe°*, it is more likely, for two reasons, that a single-equivalent reduction 
of Fey occurs initially and then a further reduction of Fe,” within the 
reaction “cage,” a small fraction escaping during each cycle. Firstly, the 
Fe,” compound of catalase is actually formed progressively during the 
course of the oxidation of those reducing agents which appear to undergo 
the two-equivalent oxidation (24), and secondly, in the presence of the 
appropriate reducing agent (aromatic amines or phenols), catalase action, 
just like that of peroxidase (25), proceeds by the two distinct single- 
equivalent reduction steps. If the ferrimyoglobin reaction gives a --5 oxida- 
tion state, the reaction of all three hemoproteins would fit into the same 
pattern of oxidation-reduction behavior, the differences being of degree 
rather than kind. The greater catalytic activity of peroxidase and catalase 
would then be attributable primarily to the higher speed of the initial 
two-equivalent oxidation of the prosthetic group. The indiscriminate re- 
duction of the +5 state of myoglobin to ferrylmyoglobin would also dis- 
tinguish the two systems, through the waste of oxidizing capacity. On the 
other hand, if the ferrimyoglobin reaction proceeds with OH radical forma- 
tion, then the smaller catalytic activity would be attributable essentially 
to the lower speed of the single-equivalent oxidation of the ferrimyoglobin. 
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INTRODUCTION 


In a previous paper from this laboratory (1), a simple, inexpensive, and 
yet accurate light-scattering photometer was described and its performance 
was demonstrated. The light-scattering envelope showed freedom from ex- 
traneous scattering and molecular weight determinations for bovine serum 
albumin gave values which, though slightly higher than that accepted 
generally on the basis of all physical data, were in line with those of other 
light-scattering workers. Such values utilized a calibration based upon the 
turbidity of a suitable aqueous fluid and there is no reason to doubt its 
inherent soundness. However, for some experimental work the use of 
nonaqueous calibrating solutions is desirable, but such a calibration (using 
a solution of polystyrene in toluene) resulted in molecular weights for 
bovine serum albumin which were some 20% low. On the other hand, the 
turbidity at \ = 5461 A. of “Cornell” polystyrene in 0.5% solution in 
toluene (2), based upon the nonaqueous calibration, was in good agreement 
with the generally accepted value determined by Brice, Halwer, and 
Speiser (3). 

Whereas aqueous and nonaqueous systems within themselves behaved 
consistently, it seemed likely that the discrepancy arose as a result of 
refraction effects occurring between the aqueous bath fluid and the contents 
of the rectangular light-scattering cell. It should be mentioned that the 
apparatus, in achieving high sensitivity, used a converging beam of light, 
and it seemed probable that the application of the usual cone angle cor- 
rection for the scattered beam was not sufficient for solutions which differed 
in refractive index from the bath fluid. To retain the optical blackening on 
various parts of the apparatus, only aqueous bath fluids were permissible, 
so that refraction was unavoidable whenever nonaqueous light-scattering 
solutions were used. On this view the reasonable value of the turbidity for 
the “Cornell” polystyrene solution probably arose from the cancellation of 
refraction effects in the calibration and measuring procedures. Such can- 
cellation would not, of course, occur when a nonaqueous calibration was 
applied to an aqueous scattering system. 
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Another possible (though improbable) cause was that the “receiving” 
system of the apparatus was almost seeing past the edge of the light beam 
through the cell. Thus any added refraction effects might worsen the situa- 
tion, and difficulties of the type described by Hermans and Levinson (4) 
could be expected. Whatever the nature of the calibrating fluid, its tur- 
bidity, upon which the calibrations depend, was determined by a Unicam 
spectrophotometer. Any errors arising in this procedure should therefore 
affect both aqueous and nonaqueous fluids. 

In the work described here, a systematic attempt to explain the calibra- 
tion discrepancy was made, culminating in the design of a new “universal” 
apparatus (5) which, it is found, can be safely used for light-scattering 
liquids of any refractive index and which still largely retains the simplicity 
of the earlier model. 


EXPERIMENTAL 


The light-scattering apparatus used initially has already been fully de- 
scribed (1, 2), and only salient points will be mentioned here. The entrance 
slit, of length 2.0 cm., was illuminated by an 80-watt Hg arc fed by a 
stabilized 200-volt a.-c. supply. An image of the slit, at unit magnification, 
was projected within the rectangular light-scattering cell (internal dimen- 
sions 5 X 5 X 1 cm.), which was situated centrally in the lower part of a 
conical flask (diameter of base 12.5 cm.) containing an aqueous bath liquid. 
The cell was surrounded by a suitable system of blackened baffles and, 
except for the windows, the outside of the conical flask was painted dull 
black. Scattered light was focused by means of a lens upon an R.C.A. 931A 
electron multiplier tube, masked by a slit of length 1.5 cm., which actuated 
a sensitive galvanometer (Tinsley type 4500 A.). The whole receiving 
system could be rotated about a vertical axis through the center of the 
light-scattering cell. 

In using the apparatus a secondary standard block, usually of Transpex! 
(polymethyl methacrylate), was used and all galvanometer deflections were 
taken relative to the standard block scattering in the 90° position to the 
incident beam. Thus experimental readings were independent of slow varia- 
tions in the intensity of the lamp or in the sensitivity of the electron 
multiplier system. The 5461 A line of the Hg arc, isolated by a Wratten 77 
(or 77A) filter, was used unless otherwise stated. When required, the 4358 A 
line was obtained by using a combination of Ilford 809 and 601 filters. 


MATERIALS 


The following calibrating substances were used: 
Turnip Yellow virus (T.Y.V.), kindly supplied by Dr. R. Markham (6) 
as a crystalline solid under saturated ammonium sulfate, which could be 


1 Supplied by I.C.I. Ltd. 
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stored for several months at 4°C. It was used in phosphate buffer (pH = 
6.4; I = 0.05) at a concentration of up to 0.5%. 

Ludox’, a silica suspension in water, was diluted to 1%-2% with dis- 
tilled water. 

Polystyrene? (DC/PJ 3—with a turbidity at \ = 5461 A in 6 % toluene 
solution of 7.88 X 107? cm. (2)) was used, as in previous work, in toluene/ 
ethanol solution which was prepared as follows: 2 g. polystyrene were dis- 
solved in toluene and the volume made up to 100 ml., to which 36 ml. of 
absolute ethanol were added to give slight opacity. The dissymmetry of 
such solutions was 1.10 + 0.015 and appropriate correction was made to 
the 90° deflections in calibration experiments. Such corrections were not 
used for the aqueous calibrating solutions. 

Several reference substances were also used, Armour crystalline bovine 
serum albumin and lysozyme, as well as a series of transfusion dextrans 
in 0.9% NaCl provided by the Medical Research Council, were used in 
aqueous solution. Polystyrene samples, distributed by the International 
Union of Chemistry, were also used in methyl ethyl ketone solution. 

Aqueous solvents were made up from distilled water and A.R. chemicals. 
Sulfur-free toluene was stood over sodium wire and distilled. Carbon 
disulfide was repeatedly shaken with clean mercury until no discoloration 
was produced, dried over CaCh, and twice distilled; only the middle third 
was collected. Methyl ethyl ketone was washed with saturated aqueous 
K.COs, dried over anhydrous K,COs and NaSO,, and fractionally distilled. 
Absolute ethyl] alcohol was used. 

Aqueous solutions were filtered before use through ‘“gradacol’’ mem- 
branes (7), organic solvents and solutions through No. 4 or 5 sintered glass 
filters. Dissymmetries of ca. 1.02 and 1.01 were routinely obtained for 
aqueous and organic solvents, respectively. 

In determining absolute turbidities, the clarified solution, in the 5-cm. 
light-scattering cell was examined against solvent in a matched cell in the 
Unicam spectrophotometer (Model SP500) immediately before and after 
measurement in the light-scattering apparatus. Slit widths up to 0.02 mm. 
only were employed in the spectrophotometer, in which the photocell 
normally receives light from a cone of semiangle 2°. In experiments quoted 
later, the effect of reducing the cone angle is considered. 


Tur Congr ANGLE CORRECTION 


When the scattered light leaves the cell through a plane face, refraction 
occurs and if scattering liquids of varying refractive index are to be com- 
pared, this must be done on the basis of identical angles for the cones of 


2 Kindly supplied by E. I. Dupont de Nemours and Co., Inc. 
3 Kindly supplied by Distillers Co. Ltd. 
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scattered light. For the apparatus described the corrections, worked out in 
detail elsewhere (8, 9), assume a particularly simple form. Thus let Io 
(obs.) be the galvanometer deflection caused by the scattering of a solution 
of refractive index n,, placed in the cell which is surrounded by a cylindrical 
bath of liquid of refractive index m. It is assumed that the dimensions of 
the bath are large compared with the linear dimensions of the scattering 
volume; thus scattered light leaves the bath radially. Then if Igo (corr.) is 
the actual galvanometer deflection in absence of refraction effects (i.e., 
rm = Ne); 


Iso(corr.) = Igo(obs.) (oe [1] 


In practice, the ratio of the actual galvanometer deflection for the 
scattering solution to that of the standard block is utilized, and since m 
may vary between experiments, refraction effects may modify the standard 
block deflection. It is thus necessary to correct the latter to some standard 
condition. For this purpose, it is customary to choose water as the bath 
liquid. Let S,: be the galvanometer deflection if Transpex of refractive 
index n;; filled the bath and So with water of bea ce index no. Then by 


analogy with [1] 
2 
Sri (ee [2] 
Nst 


Similarly with a liquid of refractive index 7 in the outer bath, the observed 
deflection (Sobs,.) becomes 


2 
S ope: ad Sse (*) . [3] 
nN. 


Thus we have 


[4] 


Thus the ratio of the actual corrected galvanometer deflection for the 
scattering solution to that for the standard block is 


/ Ne : 
Ua(corr,) To0(obs.) (**) ee | [5] 
Io(corr.) = =. sobs) (2) ~ S(obs.) \no 

S.. tm 


in which it is to be noted that m no longer occurs. 


344 HUGHES, JOHNSON, AND OTTEWILL 


Assuming a system of ideal Rayleigh scatterers and corresponding pro- 
portionality between turbidity 7 (or Rayleigh ratio) and the scattered 
intensity at 90° to the incident beam, we have 


r = CIgo(corr.) [6] 
-¢(%) Bes ’ 
= C(obs) ates) 3] 
where 
C = C(obs.) (*) (9] 


Thus if the cone angle correction were the only refraction correction in- 
volved in the apparatus, the constant C of a given apparatus, connecting the 
turbidity (or Rayleigh ratio) with the corrected galvanometer deflection 
for the 90° direction, could be obtained from measurements of + and Igo 
(obs.) on a solution of any known refractive index. Again it is to be noted 
that the refractive index of the bath 7 is not involved in Eq. [9]. 

Table I contains data obtained in a test of these conclusions. It is clear 
that the C values of Table I, (after correction for exit cone angle effect) are 
not constant for scattering solutions of differing refractive index, so that 
Eq. [9] cannot be regarded as a complete correction procedure for the 
convergent-beam light-scattering apparatus described. It is also to be noted, 
however, in line with Eq. [9] that, for a given scattering solution, changes 
in the refractive index of the bath fluid do not affect C.,,. Further, even 


TABLE I 
Effect of Variation of Liquid in Cell and Outer Bath on Calibration Constant 


; I : C X 108 
Scattering Solution Bath Liquid nb Ne Cobs X 10? (from 
Ea. [9] 
T.Y.V. in phosphate buf- Water 1.333 1.33838 4.36 4.36 
fer 
Ludox in water Water 1.3383 1.333 4.30 4.30 
Ludox in water Aqueous CaCl. 1.384 1.333 4.30 4.30 
Polystyrene in toluene 
ra On Ais: 1.388, \, 1,466 ., 4.18. 3%42 
Polyst j 
olystyreneinjsolnenc/ a auceesroncle 1.426 1.466 4.33 3.58 
EtOH 
Polystyrene in EtCOMe 
EtOH / Water ioce 1.384 Bay) Boa! 


Polystyrene in EtCOM 
ne cL eranecws Cnt: 1.384 1.384 3.84 3.56 
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when a given scattering solution is surrounded by a bath liquid of identical 
refractive index, the C value varies with n,. This result probably appears 
surprising at first sight, but it should be recalled that refraction effects 
would not be absent in such cases with the Transpex block. 

A similar series of experiments was performed with a carbon disulfide 
solution, in a rectangular cell, as secondary standard in place of the usual 
Transpex block, which allowed the use of organic solvents in the sur- 
rounding bath. Substantially similar results were obtained. 


OpticaL TESTS 


It was thought possible that whereas the receiver of the apparatus could 
not “‘see” outside the edge of the light beam with aqueous scattering solu- 
tions (which have been mainly studied), this might not be true for organic 
solvents. Thus experiments were carried out, with aqueous and nonaqueous 
scattering solutions, in which the depth of the beam was increased by en- 
larging the source slit by small though significant amounts; the final slit 
masking the electron multiplier tube was shortened. These modifications 
were made both separately and concurrently and the constant C was 
evaluated for each arrangement (Table II). It seems clear from Table II 
that the receiving system is “seeing” well within the light beam as it was 
designed to do (1, 2). 


PARALLEL BEAM EXPERIMENTS 


Since possible refraction effects at the exit beam are largely eliminated 
by the application of the cone angle correction, the outstanding possibility 
of similar effects occurring at the entry of the light beam remained. As 
the light beam enters the conical liquid bath, not only is it deviated but 
also its convergence is affected, whilst further refraction may occur at the 
plane face of the scattering solution. To assess theoretically the whole effect: 


TABLE II 
Optical Tests of Apparatus 


Normal length of illuminating slit = 2.0 cm. 
Normal length of receiving slit = ildaycoray, 
Illuminating Slit Illuminating Slit 
7 Length of 2.5 cm. 2.0 cm. 
Solution TECEIV ANE Glity (CI: pe ae ee ee 
Too C X 108 Too C X 108 
Polystyrene in toluene/| 1.0 0.157 3.66 0.157 3.66 
ethanol 15 0.157 3.66 0.159 3.58 
LW 2.08 4.31 2.01 4.33 
T.Y.V. in phosphate buffer 1.5 Normal calibra- = 4.35 
tion 
; 1.0 8.30 4.42 8.36 4.37 
udox suspension 1.5 8.42 4.34 8.53 4.28 
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TABLE III 
Experiments with a Parallel Beam of Light 
M Wt. of 
Solution me Cobs Ge (Ol). Bovine Sarge Aiaete 
T.Y.V. in phosphate buffer 1.333 4.87 4.87 77,000 
4.82 4.82 76,300 
Polystyrene in toluene/ethanol 1.466 5.67 4.70 74,600 
5.75 4.77 75,400 
Polystyrene in EtCOMe/EtOH 1.384 4.92 4.57 72,300 
4.56 4.52 71,500 
Mean 4.69 74,500 + 2500 


of changing m and n, on the incident intensity at the scattering volume 
would thus have been very difficult. Accordingly the optics were con- 
siderably simplified by removing the liquid bath and by using a parallel 
beam of incident light. Since the latter strikes the plane face of the scatter- 
ing solution at normal incidence, the volume of liquid illuminated does not 
vary as its refractive index is changed. Table III contains the summarized 
results and includes a calculation of the molecular weight of bovine serum 
albumin based upon the different C values. 

Within the experimental error of this set of experiments, C' is a constant 
independent of the refractive index of the scattering solution. The molecular 
weight value for bovine serum albumin, 74,500 + 2500, agrees well in 
absolute magnitude and in its scatter with that reported by other light- 
scattering workers (e.g., Edsall e¢ al. (9)). In view of the modified optics, 
it is of interest that the C' value of Table III agrees so closely with those of 
previous tables; in explanation it is to be remembered that Iso readings 
are taken relative to the same Transpex standard block. 


PARALLEL BEAM APPARATUS 


Table III thus indicates strongly the disappearance of the calibration 
discrepancy with the use of an incident parallel beam of light rather than a 
convergent one. However, a more conclusive proof was obtained by con- 
structing an entirely new apparatus provided with an accurately parallel 
incident beam. To reduce refraction effects and spurious reflections, a 
cylindrical brass liquid bath with plane glass entrance and exit windows 
and a cylindrical strip of glass for the passage of scattered light was con- 
structed around the rectangular light-scattering cells already described 
(Fig. 1). A system of baffles was designed to prevent light from the cell 
corners reaching the receiving system, and apart from the glass surfaces, 
the whole assembly was blackened by the Relonol* process. It was thus 


4 Details kindly made available by British Scientific Instruments Research Asso- 
ciation. 
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Fig. 1. Light-scattering cell and surrounding liquid bath (6—blackened baffles; 
— — — — —windows). 


possible to use aqueous or nonaqueous fluids in the bath. The loss in sen- 
sitivity which resulted from the use of parallel rather than convergent 
incident light was more than regained by the use of a cathode-follower 
amplifier by which current amplification of up to 1000 could be obtained 
without instability. An IP 21 electron multiplier was used in a receiving 
system which was very similar to that of the original apparatus. As the 
secondary standard for this apparatus, a polished glass block® of suitable 
turbidity replaced the Transpex block; it could be immersed in organic as 
well as aqueous liquids. Light-scattering envelopes for the range 6 = 40° 
to 140° (6 being the angle made by the direction of scattering with the 
incident direction) were determined for aqueous and nonaqueous solutions 
and solvents. Within this range, no irregular reflections occurred. Further by 
examination of the fluorescence from a dilute fluorescene solution, the 
lack of any geometrical dissymmetry was demonstrated (5). 

The validity of the cone angle correction was shown for an aqueous 
Ludox suspension and a toluene solution of polystyrene by measuring the 
change in scattering with varying refractive index of the bath fluid. Since 
nonaqueous fluids were used for this purpose and the glass standard block 
was not then available, the actual galvanometer deflections Igo were 
multiplied by (n.)?/(m») and plotted against (mm)? (see Eq. [1]). Figure 2 
gives such plots which approximate closely to horizontal lines: the scatter 
of points occurring is probably largely due to lamp fluctuations. Thus the 
cone angle correction appears to be valid. 

For a test of the calibration of the instrument (Table IV), solutions 
similar to those of Table I were used. 

Within experimental error the constant C’ is thus independent of the 
nature of the scattering solution, in confirmation of the indications of 


5 We are grateful to Mr. R. D. Maurer of Corning Glass Works for the gift of the 
glass from which the block was made. 
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Fic. 2. The validity of the cone angle correction. A plot of corrected galvanometer 
deflection against the square of the refractive index of the bath liquid (ns)? for Ludox 
in water (A) and polystyrene in toluene/ethanol (B). 


TABLE IV 


Calibration of ‘Universal’? Light-Scattering Instrument 
(Bath liquid—water (n, = 1.333) 


Scattering Solution Ne ‘men Depelark C X 10? 
Ludox in water 1.333 1.010 0.004 5.36 
1.333, 1.01 0.007 5.31| - 5.32 
1.333 1.01 0.008 5.29 ; 
1.333 1.01; 0.004 5.33 
T.Y.V. in phosphate buffer: 1.333 1.01, 0.006 5.34 
pH = 6.4 1.333 1.04; 0.009 5.26 5.29 
te =20:05 1333 1.02, 0.010 5.28 
Polystyrene in toluene/ethanol 1.466 1.096 0.009 5.42 
1.466 1.10; 0.007 5.52 
1.466 Ded 0.008 5.49 5.44 
1.466 1.096 0.007 5.36 
1.466 1.10. 0.009 5.40 


Table III. The somewhat higher value for toluene/ethanol solutions could 
well arise from a slight loss of alcohol by evaporation between the spec- 
trophotometer and light-scattering measurements. Accordingly the ac- 
cepted C' value for the apparatus is 5.30 X 107? em.-. 

Whilst calibrating liquids of differing refractive index thus gave the 
same apparatus constant, it was possible that the absolute turbidity values 
provided by the spectrophotometer were in error. The chief uncertainty 
would appear to arise from the possibility that appreciable scattered light 
(in addition to that transmitted) is reaching the spectrophotometer photo- 
cell. Accordingly additional stops consisting of 5-mm. holes in blackened 
metal plates were fitted at each end of the light-scattering cells, by which 
the semi-cone angle for light reaching the photocell was reduced from the 
normal value of 2° to ca.1°. The calibration constant C, determined on an 
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TABLE V 
Light-Scattering Data for Reference Substances 
Dieevar Present authors Other workers 
Solute Solvent aay Ss SS See CE 


Ieo/Ii2 | Mol. Wt.| 2B X® 2B X* 
(4 2%) 104 Mol. Wt. 104 


Lysozyme 0.1 M NaCl 1.06 | 15,500; O | 14,800; —6 | (11) 
Bovine serum al- | 0.1 M NaCl and | 1.02 | 72,200; — | 72,000; — (9) 
bumin phosphate ok (12) 
buffers 5000 (13) 
Dextran fractions 
No. 1 0.9% NaCl 1.02 | 72,500} 11.6 | 74,600) 9.1 (14) 
No. 2 0.9% NaCl 1.01 | 77,500] 10.2 | 80,000) 9.3 | (14) 
No. 3 0.9% NaCl 1.04 |244,000] 5.5 |230,000| 6.2 | (14) 
Polystyrene? 
No. 3 Methyl ethyl 1.06¢ |124,000| 1.6 {110,000} 3.2 | (15) 
ketone 
No. 1 Methyl ethyl 1.07¢ |366,000} 2.3 |834,000) 2.4 | (15) 
ketone 


2 From the equation ue = S + 2Be. 
T M 


>’ Distributed by International Union of Chemistry. In the report by Frank and 
Mark (15), these fractions, 1 and 3, were termed II and IV, respectively. 
© Tas/Tiss. 


aqueous Ludox suspension, now had the values 5.32, 5.30, 5.33, 5.36 to be 
compared with 5.33, 5.31, 5.37, 5.38 (X10? cm.—) obtained in absence of 
the additional stops. It can thus be accepted that the scattered light nor- 
mally accepted by the photocell is a negligible fraction of the total. The 
use of narrow slits and the following of accepted practice for spectrophotom- 
etry (10) make further systematic spectrophotometer errors unlikely. 
Further checks on the accuracy of the absolute calibration have been ob- 
tained by examination of standard reference materials and comparison 
with results published by other workers and obtained mainly on Brice- 
Speiser instruments. Some such data have already been published from 
this laboratory (1), and further more general comparisons are included in 
Table V. Of the results in aqueous solution, those for dextran deserve 
special mention. Each group of measurements was made independently and 
was complete before the interchange of results was made. The differences 
are somewhat larger than is desirable, but they are probably partly due to 
the varying optical rotation of the samples which were used for deter- 
mining concentration. With the excellent agreement for lysozyme and 
bovine serum albumin, and for higher molecular weight proteins already 
reported (1), it seems clear that for aqueous systems and molecular weights 
of 15,000 to 350,000, the techniques described here and in previous papers 
are in substantial agreement with those based upon the Brice-Speiser 
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photometer (3, 12, 13). For the International Union of Chemistry poly- 
styrenes (Nos. 1 and 3) a refractive index increment of 0.219 was used ; 
molecular weights, though somewhat higher than the mean values reported 
by Frank and Mark (15), are within or close to the range of values given. 
Values of the slope term in the plot of light-scattering data against con- 
centration, and of the dissymmetry are well within the ranges of values 
reported. 

Finally, the turbidity of polystyrene DC/PJ3 in 14% toluene solution 
at \ = 5461 A. was redetermined on the new light-scattering instrument as 
7.86 x 10-* em. to be compared with 7.88 X 10~* cm. previously re- 
ported (2). On the same relative scale the ‘‘Cornell”’ polystyrene under the 
same conditions had the value 12.5 X 10-4, in substantial agreement with 
values supported by Zimm (17). 


DiscuUssION 


From the comparison of Tables III and IV with Table I, it seems clear 
that the calibration anomaly, reported by Goring and Johnson (1) and 
confirmed in the present work, arises from the convergence of the incident 
light beam and the consequent complexities of the geometrical optics. 
When the convergent light beam is replaced by a well-defined parallel 
beam of light, it is quite valid to calibrate an apparatus with a liquid 
which may have a substantially different refractive index from the systems 
being studied. However, in such cases, calibration liquids should satisfy 
other criteria (1). In particular they should show no selective absorption 
and give stable, symmetrical, and reproducible scattering with low de- 
polarization and accurately measurable transmission readings. 

In view of the widespread availability of spectrophotometers of high 
performance, calibrations based upon their use for determining the absolute 
turbidities of suitable calibrating solutions have many advantages. Pro- 
vided well-matched cells are available (preferably the actual light-scattering 
cells), the turbidity can be accurately and quickly determined for a variety 
of calibrating fluids, and frequent rechecking is feasible. In view of the 
comparatively large transmission of suitable calibrating fluids, the absolute 
accuracy attainable is not all that could be desired, but it is probably no 
worse than for alternative methods. Ultimately such determinations are 
based upon the photometric scale of the spectrophotometer, but over a 
wide range of transmission values considerable reliability in this matter 
has been shown (10). On the other hand, the use of a purified organic sol- 
vent (e.g., benzene), for which a certain turbidity (usually determined 
elsewhere) is assumed, requires the assumption of the same state of purifi- 
cation as was previously attained in the case of the standard solvent, its 
scattering is small and of doubtful constancy, and its depolarization is 
usually high. Nor is the standard turbidity, determined by specialized 
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experiments, entirely free from suspicion (16, 17). Similar criticisms apply 
equally to the use of standard transmission or reflection diffusers as means 
of providing absolute calibrations, though they are of great convenience 
as secondary standards. 
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SUMMARY 


In calibrating a light-scattering apparatus, the existence of a discrepancy 
between results obtained from aqueous and nonaqueous calibrating fluids 
has been confirmed and its origin investigated. It arises from the conver- 
gence of the incident light beam and consequent complications of the 
geometrical optics. It no longer occurs when parallel incident light is used. 
A new light-scattering instrument employing parallel incident light has 
been constructed, tested, and utilized for the investigation of several 
reference substances. Satisfactory agreement with the results of several 
other investigations is reported. 
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ABSTRACT 


Measurement of the partial molal volumes of n-hexyl and n-octyl alcohol in sodium 
decyl and dodecyl sulfate solutions shows that for these materials dissolution occurs 
with almost no change in apparent volume. From the partial molal volumes of sodium 
decyl and dodecyl sulfate it appears that the ‘hydrocarbon center’’ of the micelle 
is a slightly looser structure than in liquid hydrocarbons. Added salts and higher 
alcohols have very little effect on the partial molal volumes of these alkyl sulfates. 


In a recent paper (1) the three-component system composed of sodium 
alkyl sulfate-water-additive has been treated as a two-phase system con- 
sisting of an aqueous phase containing single electrolyte ions and additive 
molecules, on the one hand, and a micellar phase composed of alkyl sulfate 
ions (and gegenions) and additive in a binary mixture on the other. Some 
reservations must be made about calling an object as small as a micelle a 
true phase, but it was demonstrated that a general interpretation of these 
systems, in agreement with the usual laws of solutions, was possible on 
this basis. Attention was focused on the ideality or otherwise of the binary 
micellar solutions. This paper deals with the partial molal volumes of the 
components of the micellar solutions. 

Partial molal volumes at 25°C. were evaluated from density data from 
the following equations. 


hee My, (no Mo +mMi+ N2 Me) Op 
(pga ee Bs SD iat Ea ad fa [1] 
p p O01 / P,T,no,n2 
ia _ mM, ie RY (28) [2] 
p p One P,T,n9,ny 
In these equations 
M0, M4, NM = mole number of water, alkyl sulfate, and additive. 


My, M;, M2 = corresponding mole weights. 
p = density of solution. 

Vi, Vo 
PE 


I 


partial molal volume of alkyl sulfate and additive. 
pressure and temperature. 
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The additive (component 2) consisted in some cases of sodium chloride or 
sodium sulfate; in others it consisted of n-hexyl or n-octy] alcohol. 

The densities of the solutions were measured in pycnometers having the 
shape given in Fig. 1, holding approximately 20 ml. of solution.! The solu- 
tions were equilibrated in a thermostat at 25°C. + 0.005°C. Sodium 
chloride and sodium sulfate of analytical grade were used. n-Hexyl and 
n-octyl alcohols were obtained by the catalytic reduction of carefully 


Fria. 1 


purified methyl esters of hexanoic and octanoic acids. The alkyl sulfates 
were prepared by a standard procedure (2). 


RESULTS 


Over the range of solutions studied the densities of the solutions above 
the C.M.C. were linear functions of the mole numbers. These densities 
are summarized in the equations below, which were obtained from the 
straight-line plots computed by the method of least squares. All data 
refer to 25°C. 

p=a+bm (ora+ bm) g./ml. 


Sodium decyl] sulfate in water. 
a = 0.99737, 6 = 0.04148, Vi = 216.5 ml. + 2.5 


Sodium decy] sulfate in 0.0927; molal sodium chloride. 
a = 1.00134, 6 = 0.040302, V; = 216.9 ml. + 2.5 


1 Details of the use of these pycnometers as well as the extended density data are 
available in Technical Report 5. ONR Contract N6 ONR 25130, Stanford University. 
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Sodium decyl sulfate in 0.1006, molal sodium sulfate. 
a = 1.0098, b = 0.03833,, Vi = 216.9 ml. + 2.6 


Sodium decyl sulfate in 0.05245¢ molal n-octyl alcohol. 
a = 0.9962, b = 0.03969, Vi = 216.9 ml. + 2.4 


n-Hexy] alcohol in 0.2000 molal sodium decyl] sulfate. 
a = 1.0063, 6 = —0.02121;, V. = 123 ml. + 0.7 


n-Octy] alcohol in 0.20353 molal sodium decy] sulfate. 
= 1.0058;, b = —0.27150, V2 = 158.2 ml. + 0.5 


Benzene in 0.2000 molal sodium decyl sulfate. 
a = 1.0061o, = —0.009735, V2 = 874ml 201 


Sodium dodecyl sulfate in 0.0488; molal n-octyl alcohol. 
a = 0.99645, 6b = 0.034565, Vi = 200.3 miro 


n-Octy] alcohol in 0.19942 molal sodium dodecy! sulfate. 
a = 1.0040;, b = —0.02358,, V2 = 154.8 ml. + .3 


The partial molal volumes of the various components showed some varia- 
tion with concentration, as indicated in the data above and as shown in 
Fig. 2. The average partial molal volumes of n-hexyl and n-octyl aleohol— 
123.3 ml. and 158.2 ml., respectively—in sodium decyl sulfate may be 
compared with the molal volumes of these compounds at 25°C., viz., 125.9 
ml. and 157.8 ml. The difference between the partial molal volume of 
n-octyl alcohol in sodium decyl and sodium dodecyl sulfate solutions is 


n 
a 


216 Eb m octyl alcohol 


214 


Partial molal volume of sodium decyl sulphate at 25°C. 


O° 


oO. 0.2 0.3 
Molality of sodium decyl sulphate 


Er@. 2 
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outside the error of measurement but is quite small. Thus the solutions of 
these alcohols in micelles exhibit no marked nonideality as far as volume 
change on mixing is concerned. Similarly with benzene the partial mola] 
volume in sodium decyl sulfate micelles, 87.4 ml., compares favorably with 
the molal volume of pure benzene, 89.4 ml. 

The effect of additives on the partial molal volume of sodium decy] 
sulfate is almost negligible. Since the effect of electrolyte additives is 
thought to be twofold, viz., to increase the size of the micelles and to de- 
crease their net charge (3), this result is a little surprising. It demonstrates 
that, if these postulated effects are real, they exert virtually no change 
on the closeness of packing or organization in the micelle. Although we 
have not obtained the partial molal volume of sodium dodecyl sulfate in 
pure water, it seems reasonable to assume that the effects of additives— 
either electrolytes or nonelectrolytes—is similarly small. Therefore, taking 
the partial molal volume of sodium dodecyl sulfate in n-octyl alcohol 
solutions as being the same as in pure water, the change in partial molal 
volume in going from decyl sulfate to dodecyl sulfate is 33.4 ml., as com- 
pared with 32.5 ml. between liquid n-hexyl alcohol and n-octyl alcohol. 
This difference is small but, we believe, real. It is to be compared to the 
corresponding difference of 27.4 ml. in going from decanoic to dodecanoic 
acid (4) in the solid state. Thus the alkyl sulfate micelle appears to have a 
slightly looser structure than paraffinic hydrocarbons. 
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INTRODUCTION 


The early literature on adsorption from solution of substances on to 
solid-liquid interfaces is for the most part devoted to the measurement of 
the quantities of various substances adsorbed at a high concentration. 
There are also many measurements of the heats and free energies of wetting. 
Adsorption isotherms, especially at low surface coverage, are seldom given. 
The changes in energy, orientation, and mobility of molecules when they 
displace molecules of solvent from the solid-liquid interface can best be 
understood from the heats, free energies, and entropies of the adsorption 
process in dilute solution. The fundamental thermodynamic quantities will 
presumably be independent of the specific area or quality of the particular 
sample of powder used, provided the molecular structure of the adsorbing 
surface is the same. 

The work described in this paper serves to illustrate several experimental 
approaches by which heats and energies of adsorption can be measured on 
good adsorbates such as alumina, by employing the surface film balance as 
an analytical method (1, 2). 


EXPERIMENTAL METHODS 


Samples of alumina were kept over phosphorus pentoxide in a desiccator, 
and transferred to a dry stoppered adsorption tube 10 cm. long and 1.5 cm. 
in diameter for each experiment. Benzene used as solvent was dried over 
sodium wire and redistilled just prior to making up solutions. The liquid 
adsorbates (propyl and ethyl alcohols) were dried over quicklime, and the 
solid adsorbates (long-chain alcohols and phenols) were recrystallized and 
kept over phosphorus pentoxide. 

In the first experiments surface-active agents were used as adsorbates. 
Ten milliliters of solution in dry benzene were delivered into an adsorption 
tube containing a weighed quantity, approximately 1 g., of dry alumina 
powder, and shaken up. After the alumina had settled, the concentration of 
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the supernatant solution was determined on a Langmuir trough after any 
necessary dilution to bring the concentration to the order of 1 mg./ml. 
Comparison with the original concentration gave the amount of solute 
adsorbed on the powder. Since very small quantities of the order of 0.1 ml. 
are sufficient for analysis, it is possible to take repeated samples without 
seriously altering the system or depleting the liquid phase. If the adsorption 
tube and its contents are maintained in a thermostat at a series of tempera- 
tures, the effect of temperature on the adsorption equilibrium can be 
measured and from this a heat of adsorption can be deduced. Similarly by 
successive additions of small quantities of solution or of pure solvent, the 
process of adsorption and desorption can be followed progressively. 

In another type of experiment a short-chain member of an homologous 
series was added by means of a microsyringe to a system containing a long- 
chain homolog adsorbed on alumina, in order to study competitive ad- 
sorption. The energy of adsorption of the short-chain member can then be 
determined, on certain assumptions, from the consequent rise in concen- 
tration of long-chain substance in solution as a result of desorption. In 
analyzing the concentration of the long-chain member on the surface 
balance the short-chain homolog does not interfere, since it dissolves im- 
mediately into the water underlying the surface film. 

Phenol solutions were analyzed colorimetrically by means of a modified 
diazotization and coupling reaction carried out simultaneously on the un- 
known solution and on known standards. One milliliter of the benzene solu- 
tion containing phenol was removed from the adsorption tube and made 
miscible with water by adding 12 ml. of ethy] alcohol and making up to 20 
ml. with distilled water. Coupling was carried out by adding 1 ml. of 50% 
sodium acetate solution, 0.5 ml. of diazotized paranitraniline, and after an 
interval of 1 minute, 1 ml. of 20% sodium carbonate. 

Direct calorimetric methods for measuring the heat changes on mixing 
and adsorption were made by means of a simple vacuum calorimeter in 
which the mixing was carried out by breaking a bulb of thin glass contain- 
ing alumina powder or solution as described by Hutchinson (3). The tem- 
perature change was measured by a thermistor, employing a Wheatstone 
bridge circuit and sensitive galvanometer to reduce the thermistor current 
to the minimum possible. It was found necessary to cease stirring when 
measuring the temperature, in order to keep a uniform temperature differ- 
ence between the thermistor and the surrounding fluid; otherwise drifts of 
resistance are observed because of changes in the flow of heat from 
thermistor to solution when the convection pattern is altered after breaking 
the bulb. The bulbs were prepared from 5 mm. diameter glass tubing 
blown to a capacity of 3-5 ml., and carefully annealed to avoid heat changes 
caused by breaking a highly strained bulb. The bulb reached initial thermal 
equilibrium with the fluid in the calorimeter after an hour. 
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© OCTADECYL ALCOHOL, 
O) MELISSYL ALCOHOL ~ 


X MICRO-MOLS ADSORBED/gm. 


C CONCENTRATION OF ADSORBATE MILLIMOLS / LITRE 


Fig. 1. Adsorption isotherms on alumina for octadecyl and melissyl alcohol from 
benzene solution. The dotted line represents the maximum capacity of the powder. 


DIscUSSION AND RESULTS 
Adsorption Isotherms by Direct Method 


Adsorption isotherms for two long-chain aliphatic alcohols, octadecyl 
and melissyl, on a sample of alumina powder A, are shown in Pigs lett 
will be seen that when expressed in moles per gram of powder (x) adsorbed 
at a molar concentration c in benzene, the isotherms are practically identi- 
cal, though the isotherm for melissyl alcohol is restricted because of its 
limited solubility. A second sample of alumina B was then used to deter- 
mine isotherms for cetyl, octadecyl, and melissy] alcohols. 

The isotherms of both samples of alumina were of Langmuirian form, a 
graph either of x/c against x or of c/x against c approximately closely to 
straight lines (Fig. 2). From such an isotherm the maximum capacity of the 
powder a») may be deduced from the limiting condition x > % asc > @. 
The isotherms may then be expressed independently of the specific area of 
the sample of powder by plotting the fraction of surface covered by ad- 
sorbent, 6 (= x/2o), against its molar concentration in solution c. As can 
be seen from Fig. 3, a fundamental relation applies to all three alcohols and 
both samples of alumina. 

Adsorption isotherms of cholesterol and phenol were determined on 
alumina A. The adsorption of these compounds did not fit the Langmuirian 
isotherm as closely as did the results with aliphatic alcohols, but could be 
fitted sufficiently closely to permit estimates of x» and 6 to be obtained. 
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O octAbEcyt ALCOHOL 
DO MELISsyL ALCOHOL 


C= 
Fie. 2. Graph of c/x against c for two long-chain alcohols adsorbed on alumina; 
¢ = concentration in millimoles/l., x = micromoles adsorbed per gram of powder. 


SURFACE COVERAGE C®) 


CONCENTRATION MILLIMOL /LITRE CC) 


Fig. 3. Adsorption isotherms expressed as fraction of surface covered, 6, against 


concentration, c, in millimoles/1. 

Octadecyl alcohol 

Melissy! alcohol 

Cetyl alcohol 

Cholesterol 

Phenol A 


®dPoOo 
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TABLE I 
Area of condensed Estimate of 
Maximum film at air-water available area of 
Substance adsorption xo interface Ao powder % Ao 
i 1 ; 
ee a) (2) (m/e. 

Octadecyl alcohol 740 20.5 91 
Cholesterol 420 38.0 96 
Phenol 640 23.0 88 


These isotherms are also shown in Fig. 3. They rise more steeply from the 
concentration axis than do those of the alcohols. Phenol was almost quanti- 
tatively adsorbed except at very low concentration. Attempts to extend 
this investigation to the carboxylic acids were not successful, however, 
since after initial adsorption the fatty acid disappeared slowly and com- 
pletely from solution, indicating a possible interaction beyond that of uni- 
molecular adsorption. 

The adsorption isotherms for alcohols, cholesterol, and phenol offer 
three independent estimates of the available area of powder A. If the as- 
sumption is made that the cross-sectional area of these molecules at maxi- 
mum adsorption (t = 2o) is equal to their specific area when spread as a 
condensed film at an air-water interface, the estimates given in Table I are 
obtained. They are reasonably consistent and suggest that the adsorption 
of surface-active compounds may be used to obtain a convenient estimate 
of the available surface area. Since these substances are of a similar type and 
cross-sectional area, a larger surface might nevertheless be available to 
much smaller molecules. 


The Free Energy of Adsorption 


Fowler (1935) has shown that if the Gibbs free energy of adsorption AG 
of a substance is independent of the quantity adsorbed on fixed sites of the 
adsorbent, then whatever the actual mechanism of adsorption, the Lang- 
muirian isotherm must follow 


6= Ke(1 — 8). [1] 
With the use of the concentration scale the free energy is 
AG = —RT log, 
loge ~ f [2] 


where c, ¢,, are the concentrations in solution and in the surface phase, 
respectively, and f and f, are their respective activity coefficients. 

To relate surface and bulk concentrations an arbitrary surface thickness 
r and limiting area Ao of the adsorbed molecule must be assumed. If the 
surface activity c.f, is assumed to approximate to the molecular concentra- 
tion in the free surface space 


Ie! i 
Csfs = G2 [3] 
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where A is the surface area occupied by the adsorbed molecule in the plane of 
the solid surface, Ao is the limiting area, and r the free space available in 
the direction perpendicular to the solid surface. Putting f = 1,0 = A)/A, 
then clearly if @ = 14, c = K— (Eq. [1]) and A = 24, , So that 


AC oR More 


0T 


[4] 
At 20°C, 
AG => — 1340 | oa a + 5.52 ; 
0 


where Ag isin Angstrom units and ¢ in Eq. [1] is measured as micromoles/ml. 
(millimoles/1.). 

It will be noted that if the surface phase were regarded as a homogeneous 
region, 7 would represent that part of its thickness across which the ad- 
sorbed molecules are free to undergo thermal movement. It is not equal to 
the thickness of the layer of adsorbed molecules, nor will it necessarily 
vary with the size of the adsorbed molecule. Langmuir took a value of 
5.4 A. for molecules at the air-water interface in calculating energies of 
adsorption, and similar dimensions (6.0 A.) were assumed by Kemball and 
Rideal (4) for the mercury-air interface. On the basis of a similar assump- 
tion, the values of free energy change on adsorption from benzene solution 
to alumina for a number of substances are given in Table II. The value of 
K was obtained from the adsorption isotherms and A» from the area of the 
condensed film (Table I), except in those instances where K was deduced 
from experiments involving competitive adsorption (see below). 


Competitive Adsorption 


When only one of a pair of adsorbents, A, can be readily analyzed, then, 
with certain assumptions, the adsorption constant K, of a competing ad- 


TABLE II 
Free energy 
Adsorption coeffi- Assumed of adsorption 
cient area Occu- 
(millimolar) at pied per (cal/gram/ 
Substance Method temperature indicated molecule mole) assum- 
(42) ings =5 A. 
Melissy1 alcohol Direct adsorption 0.062 (19°C.) 20 3960 
C31H 630 
Octadecy] alcohol Direct adsorption 0.060 (20°C.) 20 3900 
CisH370H 
Cetyl alcohol CisH3;0H Direct adsorption 0.060 (18°C.) 20 3930 
Propyl alcohol C;H;0H Displacement of 0.084 (19°C.) 20 4170 
octadecyl! alcohol 
Cholesterol C27H4;0H Direct adsorption oki CR) 38 4890 
Phenol Direct adsorption 4.0 (21°C.) 28 6330 
Displacement of SalLOn (202%) 23 6200 


ethyl alcohol 
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sorbent B can be measured from its effect in displacing the substance A, 
provided of course that the isotherm constant K 4 is known. 

Certain sites on the adsorbate will be common to A and to B. Let the 
fraction of these covered by A be 64’ and by B, 62’. 

Then the Langmuir isotherm becomes (5) 


a Kala ; 

z | ike eee 
Kc 

05 pals BUB 


Te inGHoOn ai Kscp 


It is possible that some sites may for stereochemical or other reasons be 
suitable for adsorbing only A or only B. For such exclusive sites 


6” ca IS AG) 
4 = — 
1 a IiSyion 

pe KxCe 
2 = —— 
1 + Kees 


The total fraction of surface covered is then given by 
040 04” €4 + 64'(1 €4); 
63 = O3"en + 63’(1 al és), 


where e, and ep are fractions of the total sites available to A and B, re- 
spectively, that are occupied exclusively. 
Combining the above expressions 


04 a Kiucs ; (1 +b KE On + K oneal (l + Kats) 
Op GOR (al + KpCe + K scaes) (1 + Kaca) F 


If now we assume that A or B is able to occupy all the available sites and 
that no sites are available to one or the other exclusively, 


[5] 


SS = 0 
and Kq. [5] simplifies to 
Ka _ OaCp 
Ke OxCa Is 


a). Octadecyl and Propyl Alcohols. In the first example of competitive 
adsorption, the coefficient Kz of propyl alcohol was determined by the ability 
of propyl alcohol to displace octadecyl alcohol from alumina. The ad- 
sorption coefficient K 4 for octadecyl alcohol was known, and the capacity 
of the powder for propyl alcohol was assumed to be the same as its capacity 
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ao for octadecyl alcohol (i.e., 4 = es = 0). An initial adsorption of octadecyl 
alcohol from solution was carried out, followed by a further addition of 
octadecyl alcohol solution to obtain a second point on the isotherm. Pro- 
vided these points fitted reasonably to the previously determined curve, 
the experiment was continued by adding small quantities of dry propyl 
alcohol by a graduated microsyringe, shaking, and leaving to stand. The 
amount of octadecyl alcohol in solution was then determined by surface 
film analysis. This process was repeated several times to obtain sets of 
values for 04 , 03 , C4 , and cz as follows: 

The total quantity of both constituents q, and gz in the system and the 
volume of solution v is known at any time, allowance being made for with- 
drawals of solution for test. The concentration of A, c4 , is determined by 
analysis. Then 


es [7] 
MXo 


where a = total capacity of 1 g. of powder and m = mass of powder. 
Competitive adsorption may be expressed in the form explicit for 6, 


From 6; we may derive cz , from the equivalence of mass given by 


dsp — MX0Oz 
CB = eo a . 


Table III gives the results of four sets of experiments. In Fig. 4 the values 
— of 62/604 are plotted against cz/c,4 on a logarithmic scale. This gives a straight 
line at 45° to the axis, indicating proportionality between the two quanti- 
ties as demanded by Eq. [6]. This line, substituted into Eq. [6] with c, and 
Cz expressed in molar concentrations, gives Kz = 1.4 K, , indicating closely 
similar energies of adsorption despite the great difference in chain length 
(Table IT). iene 
b). Alcohol and Phenol. The second example of the use of a competitive 
system to determine the energy of adsorption can be illustrated by the 
adsorption of phenol on alumina. Direct measurement of the isotherm gave 
K = 4.05 when c was expressed as moles/ml. K 10-®, but the method was 
not very accurate because of the very low concentrations at which the 
phenol was adsorbed. As an alternative method a known amount of phenol 
(A) was adsorbed from a dilute solution in benzene. This initial adsorption 
took up virtually all the phenol. Ethyl alcohol (B) was then added in in- 
creasing amounts to displace the phenol, which was measured colori- 
metrically. The concentration of phenol in solution was thus obtained, 
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TABLE III 
Competitive Adsorption between Octadecyl Alcohol (A) and Propyl Alcohol (B) 

Powder 

eR oe Total propyl pee 

ogee i alcohol (a) Bapong iS ») OA 6B (calc.) years 
115 0 We 0.284 0 0 
115 0 Jie Nf 0.200 0 0 
115 120 1.57 0.165 0.36 negative 
115 46.0 2.76 0.087 0.77 3700 
130 0 4.96 0.525 0 0 
130 9.75 5.85 0.447 0.205 0.348 
130 58.03 8.30 0.277 0.573 3.33 
130 131.4 10.55 0.1388 0.805 14.1 
130 897 11.8 0.023 0.968 122 
146 0 1.20 0.205 0 0 
146 0 0.63 0.135 0 0 
146 8.0 0.74 0.119 0.18 0.107 
146 15.9 0.834 0.106 0.32 0.275 
146 23.5 0.918 0.095 0.44 0.485 
146 30.9 0.99 0.085 0.53 0.75 
146 46.25 Teed 0.067 0.66 1.41 
146 74.5 1.35 0.043 0.814 3.14 
146 151.5 1.545 0.024 0.906 8.40 
146 948 1.635 0.0045 0.983 62.0 
160 0 10.0 0.705 0 0 
160 8.0 IES) 0.632 0.125 0.47 


and from it the amount remaining adsorbed on the powder by Eq. [7] 
above. 
0 vii Pasig es TBS tbesies . 
MX 


The distribution of the competing substance B is then given by the 
equation: 
Qe — MX9n _ 3 
Vv Ka(1 sn 04 a Oz) : 


in which gp is the total amount of B added, v the volume of solution, and 
Kz is taken as 0.062 (in micromoles) as for the other alcohols. Hence this 
equation can be solved as a quadratic in 6s . 

Table IV gives the results of this experiment. Figure 5 shows logio (¢z/Ca) 
plotted against logio (02/04) as before, and the slope is again seen to be 
unity, indicating that Eq. [6] applies in this case, although the values of 
K, and Kz are very different. From Fig. 5 the value of K4/Ks = 38.5, 
giving a free energy difference of 2180 cal. between alcohol and phenol. 


Ca 
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Fig. 4. Competitive adsorption between octadecyl alcohol (A) and propyl alco- 
hol (B). 
Logi Cz/C4 = logarithm of ratio of concentrations of A and B in benzene solu- 


tion. 
Logi 03/0, = logarithm of ratio of surface of alumina covered by A and B. 
TABLE IV 
Competitive Adsorption between Phenol (A) and Ethyl Alcohol (B) 
Cc 
mig 2 qB CPE) 04 CB OB 
(micromoles) (ml.) (micromoles) ml.) (micromoles/ml.) 
1140 16.0 0 0 (?) 0.107 0 0 
1140 Wa 5,220 1.02 0.0875 240 0.85 
1140 15.4 22,070 3.08 0.052 1360 0.92 
1140 - 18:7 105 , 600 3.97 0.016 5660 0.97 
609 14.6 0 0 (?) 0.171 0 0 
609 14.7 1,920 0.55 0.158 100 0.72 
609 1 BAG 3,350 1.88 0.133 247 0.81 
609 10.4 6,510 2.92 0.116 580 0.86 
609 8.35 11,955 4.70 0.091 1360 0.895 
609 12.05 96 , 500 6.23 0.0235 8000 0.97 


This gives a value for the adsorption energy of phenol of about 6200 cal., in 
fair agreement with that obtained by the direct method. It will be noted 
that this example differs from the previous in that the adsorption coefficient 
K;, of the competing substance was known, and that of the initially ad- 
sorbed material K, was deduced from the experiment. 

An attempt was made to measure the competitive adsorption of water 
by displacement of a long-chain alcohol. This experiment was unsuccessful 
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Fra. 5. Competitive adsorption between phenol (A) and ethyl alcohol (B). Axes 
as in Fig. 4. 


because the displacement by low concentrations of water was less than 
expected, while the desorption of water, which should have taken place 
when dry benzene was added to the system, did not in fact occur. The 
system therefore did not behave as predicted by Eq. [6], but rather as would 
have been expected if water were at first adsorbed slowly and perhaps ir- 
reversibly on sites not all accessible to the long-chain alcohol. 

Few experiments have been carried out on competitive adsorption. Using 
the results obtained by Butler and Ockrent (6), Kemball, Rideal, and 
Guggenheim (7) showed that a similar system of independent competition, 
based on the Volmer isotherm for mobile monolayers, may be postulated to 
account for the adsorption of propyl and ethyl alcohol on water. 


Heats of Adsorption 


Recently a number of investigators have drawn attention to the different 
meanings which may be given to the term “heat of adsorption,” especially 
in regard to its use for the vapor-solid interface (8). Hill (9) suggested 
defining the heat change at constant surface pressure; Everett (10) lists 
four possible definitions, including Hill’s, and points out that those which 
assume a constant surface area are the more useful since they correspond 
with the calorimetric heat. For condensed systems the differential heat at 
constant area and external pressure (AH) is the obviously appropriate 
definition. 

The differential heat of adsorption AH may be measured most conven- 


iently by the temperature coefficient of the free energy change, using the 
Gibbs-Helmholtz equation: 


5 dAG 
AH = — pases 
ag — 7 (208) | 
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in which A refers to the transfer of material from unit activity in solution 
to unit activity on the surface of the adsorbate, employing the concen- 
tration scale in the definition of activity, and 7 is the absolute temperature. 

Substitution of Eqs. [1] and [4] into the Gibbs-Helmholtz equation gives 


es 0 log. 6/c(1 — 6) 
AH =R |e |: [8] 


The results of experiments on adsorption over a range of temperatures 
are therefore plotted in the form of logis (6/c(1 — 6)) against 1/7’. They 
give straight lines, the slope of the line giving AH directly. In some experi- 
ments, particularly those with cholesterol, the position of the line varied 
slightly with 6, the fraction of surface covered, either because of experimental 
error or because of the fact that the system did not follow the Langmuir 
isotherm exactly. However, the slope of the lines from which the heats of 
adsorption are calculated were in reasonably good agreement with each 
other, as can be seen from Fig. 6. 


LOG 5 K—> 


1000 /T —> 


Fic. 6. Graph of logarithm of Langmuir adsorption constant, K = 6/1 — jc, 
where c is in mg./ml., plotted against reciprocal of absolute temperature If 


© Octadecyl alcohol 6 = 0.1-0.25 
© Octadecyl alcohol 6 = 0.25-0.4 
@ Octadecyl alcohol 6 = 0.25-0.45 
— Melissyl alcohol 06 = 0.1-0.3 
VY Cholesterol 6 = 0.1-0.2 
V Cholesterol 6 = 0.4-0.5 
V_ Cholesterol 6 = 0.7-0.9 
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The heat change associated with adsorption was also measured by direct 
calorimetry, but as the method involved the measurement of small tem- 
perature differences, it was less precise than the method based on the 
temperature variation in the coefficient of adsorption. In these experi- 
ments a sample of alumina is mixed with a solution of adsorbate in a calo- 
rimeter. Since only that part of the heat change which is produced by the 
process of adsorption is required, any other heat changes, such as those 
snvolved in wetting the powder by the solvent, and also any heats of mixing 
between solvent and adsorbate must be eliminated. 

In the first series of experiments alumina was placed dry in the bulb 
and was wetted by the fluid in the calorimeter when the bulb was broken. 
The heat of wetting of alumina by the solvent alone was first measured 
(H;); in this case the calorimeter was filled with dry benzene. Next the 
heat of wetting of alumina by a solution of octadecy] alcohol in benzene 
(H») was determined, and the amount of alcohol adsorbed was measured 
simultaneously by the surface balance. Allowance was then made for the 
heat change due to wetting by benzene, the heat of adsorption being 


(H2 — H1) 
n 


AH = 


n being the number of gram moles adsorbed per gram of powder. By 
using a large volume of solution of adsorbate little change in concentration 
was produced during adsorption, so that the differential heat of mixing of 
the adsorbate with the solvent (heat of solution) remained sensibly constant. 
When the solutions were dilute, this heat of mixing approximated to that 
at zero concentration. 

In the second method the bulb was filled with powder together with 
sufficient benzene to wet it thoroughly, no heat measurement being made 
during this operation. The bulb was then broken into a fairly dilute solution 
of adsorbate, the resulting heat change and amount adsorbed being meas- 
ured as before. Preliminary experiments indicated that mixing a solution of 
octadecyl alcohol and benzene at the dilutions used involved no appreci- 
able heat change. Since the heat of wetting by solvent is automatically 
eliminated by this procedure, the heat produced by adsorption should be 
measured directly. 

The second method was applied also to measure the heat of adsorption 
of octyl alcohol from benzene, the amount adsorbed being deduced from a 
knowledge of the capacity of the powder and the isotherms of other alcohols, 
in the assumption that octyl alcohol behaved similarly. For the stronger 
solutions of octyl alcohol allowance had to be made for the heat of mixing 
with benzene on the basis of the experimentally determined curve for heats 
of mixing (Fig. 7). Table V summarizes the results. It will first be noticed 
that the values obtained by calorimetry showed considerable variation 
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HEAT OF MIXING CALS/GM.MOL 


MOLAR FRACTION BENZENE 


Fig. 7. Heats of mixing for octyl alcohol and benzene. 
© Integral heat 
® Partial molar heat of mixing of octyl alcohol AH, 
© Partial molar heat of mixing of benzene AH, 


and that those obtained at comparable surface coverage by the more direct 
method, in which the powder wetted by benzene was added to a solution 
of adsorbate, are higher than those obtained by subtraction of the heat of 
wetting by benzene from the heat of wetting by the solution. There appears 
to be no theoretical reason why the two methods should give significantly 
different results. It is possible that wetting of the dry powder, as distinct 
from powder already thoroughly wetted, was somewhat slower, so that part 
of the heat was evolved slowly and failed to be included in the heat meas- 
ured by the experimental method. This might have made both heats of 
wetting and their difference too low. The rates of change of temperature 
in the calorimeter gave no indication that this was so, however. A second 
possibility is that an unsuspected source of heat might have accompanied 
each experiment, and this bias would have been eliminated only in the 
method involving the difference of two heats of wetting. The fact that the 
variability in the results was greater than the probable error in the meas- 
urement of temperature change, points to the latter as the more probable 
cause of the observed differences and suggests that the true calorimetric 
value lies in the region of 8000 cal./gram mole for the alcohols. Neverthe- 
less even this lower value for the heats of adsorption is slightly higher than 
the values obtained from the temperature dependence of the coefficient of 
adsorption. Such a difference would not be surprising, since the former 
gives an integral heat, whereas the latter method gives the differential heat 
of adsorption. If the surface contains sites of different energy or if, as is 
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TABLE V 
Heats of Adsorption 
Conc. of 
Powder solution 
capacity millimoles 
(milli- after 
Method and Corrections Applied Substance moles/g.) adsorption Coverage AH 
A. Direct calorimetry 
Mixed wetted powder and Octyl al- 1100 35 0.67 10,500 
octyl alcohol solution. cohol 38 0.69 9,420 
Corrected for heat of 65 0.79 10,550 
mixing. 770 0.98 5,950 
780 0.98 6,700 
Mixed dry powder and Octadecyl 740 44 0.73 8,200 
octadecyi alcohol solu- alcohol 37 0.70 8,750 
tion. Corrected for heat 34 0.69 9,100 
of wetting by benzene. 
Mixed wetted powder 740 37 0.70 10,500 
and octadecyl alcohol 37 0.70 11,000 
solution. 
B. Temperature dependence Melissyl 780 0.1-0.3 7,540 
of adsorption coefficient alcohol 
Octadecyl 780 0.1-0.45 7,350 
alcohol 
Cholesterol 420 0.1-0.2 8,520 
0.4-0.5 8,850 
0.7-0,9 8,650 


clearly shown to be the case in Fig. 7, the differential heat of mixing 
(solution) of the adsorbate falls as its concentration c rises, the differential 
heat of adsorption will not remain constant but will fall as ¢ and @ increase. 
Thus at a concentration of about 0.8 M the heat of solution of octyl alcohol 
is some 3000 cal./gram mole less than its value extrapolated to zero con- 
centration, so that its heat of adsorption is correspondingly low (see Table 
V). Below a concentration of 0.15 M, at which the surface is still almost 
fully covered, the heat of solution of this alcohol is not much less than its 
value extrapolated to zero (Fig. 7), so that if a high initial heat of adsorption 
were postulated in this range it could only be due to sites of higher energy 
which were occupied first. The proportion of high-energy sites cannot be 
large however, because this situation would not be consistent with the 
Langmuir isotherm (5, 11, 12). Moreover the values of the differential 
heat of adsorption do not change appreciably with surface coverage. 

There is a further difference between the calorimetric and differential 
heats, which arises from the derivation of the adsorption coefficient A 
which enters into Eq. [8]. In defining K, the assumption was made that the 
adsorbed phase occupied a free space perpendicular to the surface of thick- 
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ness r. The thickness of the interphase is assumed to remain constant inde- 
pendently of changes in temperature. 

In fact, however, there will probably be an increase in + with rise of 
temperature, implying an entropy term corresponding to the vibration of 
the molecule perpendicular to the surface. The energy associated with this 
will not be included in the differential heat of adsorption AH as defined 
above, but if it exists it will be included in the heat measured calori- 
metrically. The influence of changes in 7 on log. K is relatively small, so 
that the probable difference due to this cause would not be a large one in 
the case of a strongly adsorbed molecule. Thus Kemball (13), making the 
same assumption in the measurement of entropies of adsorption of vapors 
on mercury, found that the observed entropies agreed well with those calcu- 
lated on theoretical grounds. 

Several factors therefore may contribute to the difference between 
the adsorption heat measured by the (isosteric) differential method and 
the integral heat measured calorimetrically. 

The actual values of AH for the different compounds show two important 
features. Firstly, there is no noticeable increase in the heat of adsorption 
in the alcohols with increase in length of the hydrocarbon chain. Secondly, 
there is a rise in the differential heat of adsorption as the hydroxyl group 
becomes more acidic. The values of AH are much lower than those given 
by Hutchinson (8) for adsorption of similar compounds on to ionic crystals. 


State of Molecules Adsorbed on Alumina 


In one-component adsorption the measurement of the entropy of ad- 
sorption, employing the Langmuir or any other convenient isotherm, may 
give definite information concerning the state of the adsorbed phase (see 
references (13-17). However, the analogous application of the Langmuir 
isotherm to a two-component system in the form used here ignores not only 
the association in the solvent of adsorbate molecules but also the competi- 
tion for the surface of the adsorbent which must exist even in dilute solu- 
tions between molecules of solvent and adsorbate. This competition be- 
comes more evident as the concentration of adsorbate increases (see 
references 18, 19). Thus although the isotherm may apply to dilute solu- 
tions where the chemical potential of the solvent is sensibly constant, the 
process of adsorption is more complex than that of a one-component 
system, in that molecules are not simply adsorbed or desorbed but ex- 
change with adsorbed solvent molecules. The heats and free energies of 
adsorption therefore vary with the solvent used (2, 3). No attempt will 
therefore be made to interpret the absolute values of heat and entropy 
changes. 

The fact that the Langmuir isotherm offers the most convenient reference 
system for adsorption on alumina from nonpolar solvents indicates never- 
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theless that the adsorbed molecules form a localized monolayer (5, 11). The 
isotherm is applicable over practically the whole range of 6, pointing, on 
the one hand, to the uniformity in energy of the adsorption sites and, on 
the other, to the high energy of adsorption compared with the energy 
associated with lateral bonds (12). This is clearly borne out by comparing 
the free energies and heats for members of an homologous series. There is 
practically no change in the molar free energy of adsorption from propyl 
alcohol (C3) to melissyl (C31), nor in the heat of adsorption between octyl 
(Cs) and melissyl (C31). Evidently in dilute solution only the polar groups 
take part in adsorption. The hydrocarbon chains remain in exactly the 
same state whether the polar groups are in solution or are attached to the 
surface of the adsorbent. The condition of long-chain molecules adsorbed 
on to alumina from nonpolar solvents is thus analogous to their adsorption 
at an oil-water interface (20) except that at the solid interface they are 
localized to fixed sites. Since the hydrocarbon chains of the adsorbed 
molecules are freely dissolved in the solvent, there can be little or no lateral 
interaction, and the condition necessary for the Langmuir type of adsorp- 
tion is maintained even for high surface coverage. These conclusions are in 
agreement with the observations of Manunta (21) and Cassidy (22), who 
found no difference in adsorption of fatty acids of differing chain length 
from petrol ether solution. Cassidy’s curves do not fit the Langmuirian 
isotherm, but judging from the initial slopes and maximum capacity the 
free energy of adsorption of a fatty acid appears to be at least 6500 cal./ 
gram mole. 


The Traube Rule 


The Traube rule (23) was first put forward to describe the increase in 
surface activity of a substance at an air-water interface which results from 
the addition of a hydrocarbon group to the molecule. Langmuir (24) 
showed that the Traube rule was an expression of the additivity of the 
molar free energy of adsorption which at this interface was about —625 
cal./gram mole for each additional CH: group. The rule has been shown to 
apply to adsorption of vapors on to air-water surfaces (25; ref. 26, AGou, = 
—500 cal.); to the mercury surface (ref. 15, AGcou, = —930 cal. for the 
gaseous film, —650 cal. for the condensed film at 25°C.); to penetration 
into neutral (27) and ionized monolayers (ref. 28, AGeu, = —800 cal.). 
In all the above examples the hydrocarbon chain partakes in the adsorp- 
tion process; it enters a different field of force and so undergoes an energy 
change. 

When adsorption takes place on to a solid surface the role of the hydro- 
carbon chain is less clear. Several writers have reported a reversal of the 
Traube rule for molecules adsorbed under these conditions. However, 
Broda and Mark (29) have pointed out that both on theoretical grounds 
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and as a result of experiment (30) any increase in chain length should in- 
crease the tendency of molecules to adsorb. Most if not all of the instances 
quoted in contradiction to this view result from confusion between the total 
amount adsorbed, which may decrease with chain length, and the energy 
of adsorption, which may either be independent of chain length or may 
increase with it. In theory the rule should be reversed only where the 
hydrocarbon chain is forced to enter a higher energy state; such a system 
is not easy to envisage. A paper by Holmes and McKelvey (381), which is 
frequently quoted as an example of the reversal of the Traube rule, gives 
isotherms for fatty acids adsorbed from toluene on to silica gel. They show 
that the higher acids adsorb in decreasing amounts, especially if the com- 
parison is made at high concentration. However, if the isotherms for the 
series are scaled to the same maximum adsorption there is no definite trend 
in the initial slopes and therefore none in the energies of adsorption. Elder 
and Springer (32) suggest that whereas acetic and formic acids may adsorb 
more strongly on silica gel because of hydrogen bonding, the decrease in 
total adsorption of higher members of the series is due to their increased 
molecular size, not to the effect of the nonpolar chain. The results of Bartell 
and Fu (33) for adsorption of organic acids on silica gel from carbon tetra- 
chloride point to the same conclusion, for although the adsorption maxima 
are higher for the smaller acid molecules, when the data are plotted as 
Langmuir isotherms there appears to be little change in energy from formic 
to butyric acid, the average value of the molar free energy AG for these 
members of the series being about —3600 cal./gram mole. 

Illiin (34), reviewing results obtained with charcoal, points out that the 
apparent reversal of Traube’s rule which is found in adsorbing fatty acids 
from water on to certain types of charcoal, is due to the ultrapore structure 
which limits the entry of the larger molecules. The highly active hydrofuge 
type with a lower proportion of ultrapores gave the usual increase in ad- 
sorption with chain length. Linner and Williams (35), though suggesting 
that if the amount of fatty acids adsorbed at a standard concentration 
decreased as the chain length increased it constituted a ‘reversal of Traube’s 
rule,” correctly interpreted the effect as being due to a difference in the 
available surface area. Differences brought about by activation treatment 
(36-38) affect the adsorption properties of charcoals considerably. In spite 
of these differences charcoals generally show an increased energy of ad- 
sorption with chain length for organic molecules adsorbed from aqueous 
solution (39). Amiot (40) obtained agreement with the Langmiur equation 
for adsorption of alcohol from aqueous solutions, and his values representing 
the “Intensity of Adsorption,” presumably the Langmuir adsorption coeffi- 
cient, show that isoamy] alcohol adsorbs 190 times as readily as methyl, 
corresponding to AGou, of —770 cal. This appears a remarkably high value, 
since it is almost the same as the drop in energy of a CH» group in passing 
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from a water to an oil phase (41). Linner and Gortner (42) also obtained a 
Langmuir isotherm for acids adsorbed on ‘‘Norit”’ charcoal, but the value 
for AGcu, calculated from their estimates of the Langmuir constant was 
only —320 cal. Fowkes and Harkins (43) measured adsorption of fatty 
acids and other substances on paraffin wax from the changes in contact 
angle and surface tension, and also obtained Langmuirian isotherms. 
In this case the value of AGcu, was about —650 cal./gram mole, which 
is of the same order as the energy change in passing from an aqueous to a 
nonpolar oil. Evidently when substances are adsorbed from aqueous solu- 
tion on to charcoal the hydrocarbon chain interacts with the solid by dis- 
persion forces, very much as it would interact with a solid or liquid hydro- 
carbon (cf. ref. 44). When the polar group is ionized, adsorption is negligible 
(38), the energy of adsorption being greatly reduced just as it is at the oil- 
water interface because of the electric potential set up (45). 


SUMMARY 


1. The isotherms for adsorption from benzene solution on to dry alumina 
were measured by means of the surface balance for a number of surface- 
active materials, chiefly alcohols. The isotherms were of Langmuirian form, 
described by 0/c(1 — 0) = K, where K is the Langmuir adsorption 
coefficient. 

2, Competitive adsorption was followed between two alcohols, and 
between an alcohol and a phenol. The two adsorbates followed the Lang- 
muirian equation independently, and the coefficient of adsorption of one 
could be deduced from the coefficient of the other. 

3. When one of the competing substances was water, competitive ad- 
sorption did not appear to follow the Langmuir isotherm, since the water 
did not desorb normally. 

4. The isosteric or differential heats of adsorption of several surface- 
active substances were measured from the temperature dependence of the 
Langmuir adsorption coefficient. The calorimetric or integral heats were 
also measured and were somewhat higher than the differential heats. 

5. The heats and free energies of adsorption were in all cases independent 
of the length of the hydrocarbon chain. The free energy and probably also 
the heat of adsorption in the series alcohol, phenol, fatty acid increased as 
the hydroxyl group became more acidic. 

6. The molecules are believed to be adsorbed on fixed sites of approxi- 
mately uniform energy. At low concentration of adsorbate its nonpolar 
region remains dissolved in the solvent and is not affected by adsorption. 
The presence of solvent minimizes lateral forces and thus allows the Lang- 
muirian relationship to hold good over a wide range of surface coverage. 

”. The Traube rule, if applied to energies of adsorption, is probably 
generally valid for adsorption on solid surfaces. The so-called exceptions 
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are thought to be due to the smaller surface area often available to larger 
molecules rather than to any decrease in their molar energy of adsorption. 

8. The adsorption of polar substances from nonaqueous solutions appears 
to be little influenced by the hydrocarbon chain with silica as the adsorbent 
just as with alumina. On the other hand, the energy of adsorption of organic 
molecules from aqueous solution on to charcoal increases with increasing 
length of the hydrocarbon chain. 


REFERENCES 


1. Crisp, D. J., Proc. Intern. Congr. Pure and Appl. Chem., London, 1947 (1947). 
2. Hurcuinson, E., Trans. Faraday Soc. 48, 439 (1947). 
3. Hurcuinson, E., Trans. Faraday Soc. 48, 443 (1947). 
4. KeMBALL, C., AND RipEat, E. K., Proc. Roy. Soc. (London) A187, 53 (1946). 
5. Fowurr, R. H., Proc. Cambridge Phil. Soc. 31, 262 (1935). 
6. Burizr, J. A. V., AND OckRENT, C., J. Phys. Chem. 34, 2842 (1930). 
7. Kempat, C., Rrpnat, HE. K., anp Gueernuem, E. A., Trans. Faraday Soc. 44, 
948 (1948). 
8. Drain, L. E., Science Progr. 42, 608 (1954). 
9. Hruy, T. L., J. Chem. Phys. 17, 520 (1949). 
10. Everett, D. H., Trans. Faraday Soc. 46, 453 (1950). 
11. Everett, D. H., Trans. Faraday Soc. 46, 942 (1950). 
12. GrauaM, D., J. Phys. Chem. 57, 665 (1953). 
13. KemBa.u, C., Proc. Roy. Soc. (London) A187, 73 (1946). 
14. Barrer, R. M., Trans. Faraday Soc. 40, 374 (1944). 
15. Kempatu, C., Proc. Roy. Soc. (London) A190, 117 (1947). 
16. pE Bomr, J. H., anp Kruyemr, S., Koninkl. Ned. Akad. Wetenschap. Proc. B55, 
451 (1952). 
17. DE Bomr, J. H., anp Kruymr, S., Koninkl. Ned. Akad. Wetenschap. Proc. B66, 
67, 236, 415 (1953). 
18. Kipxina, J. J., Quart. Revs. (London) 5, 1, 60 (1951). 
19. Krexina, J. J., anp Tuster, P. A., J. Chem. Soc. 1952, 4123. 
20. ALEXANDER, A. E., anD TEoRELL, T., Trans. Faraday Soc. 35, 727 (1939). 
21. Manunva, C., Helv. Chim. Acta 22, 1156 (1939). 
22. Cassipy, H. G., J. Am. Chem. Soc. 62, 3073 (1940). 
23. TRAUBE, I., Ann. 265, 27 (1891). 
24. Lanemurr, I., J. Am. Chem. Soc. 39, 1848 (1917). 
25. Micuevu, L. I. A., Phil. Mag. 3, 895 (1927). 
26. Cassev, H., anp Formstecuer, M., Kolloid-Z. 61, 18 (1932). 
27. Panxuurst, K. G. A., Proc. Roy. Soc. (London) A179, 393 (1942). 
28. Crisp, D. J., ‘Surface Chemistry,” p. 65. Butterworth, London, 1947. 
29. Bropa, A., AND Marx, H., Z. physik. Chem. A180, 392 (1937). 
30. Baum, A., anpD Bropa, E., Trans. Faraday Soc. 34, 797 (1938). 
31. Homes, H. N., anp McKetvey, J. B., J. Phys. Chem. 32, 1522 (1928). 
32. Exper, A. L., AND Sprinaer, R. A., J. Phys. Chem. 44, 943 (1940). 
33. BarvTEe.y, F. E., anp Fu, Y., J. Phys. Chem. 33, 678 (1929). 
34. InuuN, B., Z. physik. Chem. A155, 403 (1931). 
35. Linner, E. R., anp Witu1aMs, A. P., J. Phys. Chem. 64, 605 (1950). 
36. Kina, A., J. Chem. Soc. 1987, 1489. 
37. BarTELL, F. E., anp Luoyp, L. E., J. Am. Chem. Soc. 60, 2120 (1938). 
38. Kiruna, J. J., J. Chem. Soc. 1948, 1483. 


376 D. J. CRISP 


_ Freunpuicu, H., Kapillarchemie I, 257 (1930). 

_ Amror, R., Compt. rend. 202, 1852 (1936). 

. Burunr, J. A. V., Trans. Faraday Soc. 33, 229 (1937). 

. Linner, E. R., and GortNeR, R. A., J. Phys. Chem. 39, 35 (1985). 

. Fowxes, F. M., anp HARKINS, W.D., J. Am. Chem. Soc. 62, 3377 (1940). 

. Boyp, G. E., anD HARKINS, W.D., J. Am. Chem. Soc. 64, 1195 (1942). 

. Cassin, A. B. D., AND PALMER, R. C., Trans. Faraday Soc. 87, 156 (1941). 


JOURNAL OF COLLOID SCIENCE 11, 377-390 (1956) 


A SURFACE EQUATION OF STATE FOR CHARGED MONOLAYERS 


J. T. Davies 


Department of Chemical Engineering, University of Cambridge, 
Tennis Court Road, Cambridge, England 


Received April &, 1966 


ABSTRACT 


The force-area characteristics of charged films adsorbed at the air-water surface 
should not be compared with the previously published theoretical treatment of 
Davies—this treatment applies only to charged films at the oil-water surface. By 
taking cohesive energy as well as electrical repulsion into account, a new equation 
has been derived for air-water films. This equation is compared with recent experi- 
mental results. 


INTRODUCTION 


Over the last few years studies on detergents spread as insoluble mono- 
layers (1-4) and in adsorbed films (2, 5-9) have shown conclusively that 
an electrical charge on a monolayer may profoundly alter its free energy 
and surface tension. The surface dipole moments (10) and the amounts 
and rates of adsorption (11) are likewise affected by the electrical charge. 

Several different equations have been proposed to account for the 
electrical effects. Cassie and Palmer (12), for example, suggested: 


m+(A — Ao) = 1.5kT, [1] 


where z* is the film pressure (surface tension lowering) of either a positively 
or a negatively charged film, A is the area available in the surface to each 
long-chain ion, and Ao is the cross-sectional area of the latter. The Boltz- 
mann constant and the absolute temperature are represented by k and T. 
Equation [1] gives values of the product 7#(A — Ao) which are usually 
far too low, especially for charged films at the oil-water interface. 

Recently Brady and Brown (7) have reported that a value 2kT for the 
product 7*(A — Ao) is in quite good agreement with experiment for films 
of sodium lauryl sulfate adsorbed at the air-water interface, though their 
range of A is small (52-90 A.”), whereas Pethica (9) finds that the product 
is less than 1k7 for films of sodium lauryl sulfate when 0.145 M NaCl is 
present, also at the air-water surface. 

These authors (7, 9) have compared these results for air-water films with 
an equation of state put forward by Davies (13) for films at the ozl-water 
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snterface. This equation predicts that for the low salt concentrations the 
product r#(A — Ao) for charged films at the oil-water interface tends to 
3k7. Like other and earlier results for charged films at atr-water surfaces 
(1, 13), however, those of Pethica and of Brady and Brown give products 
considerably less than 3kT (e.g., octadecyltrimethylammonium 1ons give 
about 1k7 (13)). If, on the other hand, the equation of Davies (13) 1s 
applied to films at the oil-water interface, there is quite fair agreement 
with experiment for both eationics and anionics (8, 13). The values of the 
product then approach 3kT’. 

This paper deals with the reason for the lower product measured for 
films at the air-water surface compared with that at the oil-water surface: 
the cohesion between the hydrocarbon chains at the air-water surface (11) 
causes such monolayers to be more condensed (and hence less ideal in 
behavior) than in the presence of oil (13, 14). This is illustrated in Fig. 1. 


20 


10 Oil-water interface 


a, dynes ¢m.-1 


Air-water 
interface 


0 100 200 300 400 
A, Fe 


Fic. 1. Force-area curves for C:sH37N (CHs)3* at oil-water and air-water 
interfaces. Substrate is 0.01 N HCl (11). 


Fiums av THE AtR-WATER SURFACE 


Exact interpretation of the results of Brady and Brown (7) and of 
Pethica (9), as well as of the earlier air-water data (1, 2, 18), requires 
knowledge of both electrical and cohesive energies. It is the purpose of this 
paper to suggest values for these energies. At the air-water surface 1° (the 
surface pressure of an uncharged film) will not, in general, be equal to 7, 
the surface pressure due to kinetic energy. Both kinetic pressure (7-) and 
cohesive pressure (,) contribute to the total surface pressure (7°) of the 
uncharged film: r° = m- + a. This subscript notation is that of Guastalla 
(15). Now me = kT/(A — Ao) (11) and if +, were also a known function of 
chain length and A, we could relate 7° and A, obtaining an explicit equa- 
tion of state for films at an air-water surface: 


(3° — w,)(A — Ao) = kT [2] 
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If now the film is charged (e.g., made up of long-chain quaternary 
ammonium ions), an electrical repulsive pressure Ar must also be allowed 
for (13). If this is separable from the cohesion, the total pressure (r*) of a 
charged film at the air-water surface will be made up of three independent 
components: 


wt = wo + a, + An. 


For any given film Az can be evaluated (13) if the ionic concentration of 
the underlying solution and the charge density on the film are known. 
Further since 7.(A — Ao) = kT, the equation of state now becomes: 


(w+ — a, — Ar)(A — Ao) = KT. [3] 


THE CoHESIVE ENERGY 
1. High Areas 


At high areas the cohesive energy z, will now be shown to vary in 
accord with the empirical equation: 


AS yD [4] 


Here n is the number of —CH,— groups in each surface-active molecule 
or ion. This leads to the equation of state for cohering uncharged films 
(from Eq. [2]): 


(9° + Kn/A*?)(A — Ao) = KT. [5] 


Guastalla (16, 17) was the first to suggest a cohesive pressure correction 
varying as A~*/?, He determined (as 7 — z-) the cohesion in films of 
unionized myristic acid at the air-water surface; accurate experimental 
data over a wide range of A showed that 7,A% was constant, having a 
value of —7600 when 7z, is expressed in dynes cm. and A in A.?, For 
lauric acid 7,A%/? is similarly found to be —5560 (18). Guastalla did not 
investigate the variation of the cohesive energy with n; he considered that 
the cohesion was caused by the dipoles of the polar groups (17). However, 
while confirming the dependence of cohesion on A~*?, Phillips (19) found 
that it varied markedly with n. Further, films at the ozl-water interface 
show no cohesion, and we therefore consider that all cohesion originates at 
the air-water surface in van der Waals’ forces of attraction between the 
—CH.— groups of adjacent hydrocarbon chains. 

While the dependence of cohesion on A~*? (Eq. [4]) is thus confirmed for 
uncharged films, the variation of 7, with n must now be tested. This is 
done in Fig. 2a, where —7,A?/ is plotted for various uncharged compounds 
with different chain lengths (16, 18, 19). Though there are clearly specific 
effects, the relation —7,A*/? = Kn is approximately obeyed within the 
region of n = 11 to n = 17. Thus for uncharged films Eq. [4] is a fair 
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approximation in this range: K has a value of 400 per —CH»— group 
when 7, is in dynes cm. and A in A.?. ' 

If now a cohering film at the air-water surface 1s electrically charged, 
we have by substitution from Eq. [4] into Eq. [3]: 


(nt + Kn/A®? — Ax)(A — Ao) = kT, [6] 


10 


aS + 
4 CigH37NiCH3)3 


-ms A3/2x 10-3 
° 
> 


n 
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- a, at 70 A2, dynes cm.-} 


0 10 20 
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Fia. 2. (a) Plot of —7.A*/? vs. n (number of —CHs— groups) for uncharged films 
at the air-water interface (high-area region). The roughly linear relationship over 
the range n = 11 to n = 17 leads to Eq. [4]. Full circles, data for acids (16, 18). Open 
circles, data for acids (19). Crosses, data for nitriles (19). Triangles, data for esters 
(19). The full square is calculated for a cationic film from the data in Fig. 4 below. 

(b) Plot of 7; at 70A2 vs. n for long-chain sulfates and quaternary ammonium 
ions at the air-water interface (low-area region). Here n is the number of —CH2— 


eroups effective in producing cohesion; 7, has been derived from Eq. [7] using the 
results of this paper and of refs. 13 and 19. The lines are represented by Eq. [8]. 


which is the required equation of state for a charged film at the air-water 
surface. Further, Am can be explicitly calculated (13). 

To test directly whether, as assumed in Eqs. [3] and [6], the cohesive 
energy may still be calculated from Eq. [4] if the film is charged (.e., 
whether z, and Az are independent at high areas) consider two films at the 
same areas and on the same aqueous substrates, but one at the oil-water 
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interface (no cohesion, 7, = 0) and the other at the air-water surface. 
With subscripts o and a to denote this difference, we therefore have: 


Tot — tot = —Ty. [7] 


Thus 7; is easily deduced at different areas from data such as those in Fig. 
1. In Fig. 3, —7z, is shown for films of octadecyltrimethylammonium ions. 
Values from Fig. 3 at areas from 225 A. to 100 A. are plotted loga- 
rithmically in Fig. 4, in which the slope of the plot of log (—7,) against 


0 100 200 300 400 500 
A, he 


Fig. 3. Cohesive pressure (—75) for CisHs;N(CHs)3* ions, evaluated 
using Eq. [7] and data of ref. 11. 


Log (-7s) 


15 2.0 2.5 
Log A 
Fia. 4. Logarithmic plot of data of Fig. 3. Slope of line is —1.6; cf. Kq. [4]. 
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log A is —1.6, in agreement with the value —1.5 in Kq. [4]. Further, 
from the data of Fig. 4, —7.4*/ is found to be 8000, and since 20 —CH2— 
groups are effective in films of octadecyltrimethylammonium ions (11), the 
cohesive constant K in these films is still 400, as in neutral films (see point 
in Fig. 2a). This confirms the assumption that 7, and Am are independent 


in the high-area region. 
2. Low Areas 


If, however, A is less than 100 A2 for cationics or 71 A.? for anionics, we 
shall show that: 


rT, = —0.4 n dyne cm. for cationics 
1, = —0.67 n dyne cm. for anionics) . [8] 
10 
E 
oO 
® 
Sue 
ie) 
& 
| 
0 100 200 300 400 500 


A, Re 
Fic. 5. Idealized curve for cohesion in films of C,sHs7N (CH3)3* at the 
air-water surface on 0.01 N HCl, from points of Fig. 3. 


The charged films at low areas thus appear to behave similarly to Lang- 
muir’s duplex expanded films, in which 7, (or Fo) is constant at different 
areas (20). This constant cohesion at low areas is suggested by the data of 
Fig. 3 (points having been taken from Fig. 1 and from references 11, 18, 
and 19); it is seen that the cohesion in octadecyltrimethylammonium films 
remains nearly constant at 8 dynes cm.! as A is reduced below about 
90 A2. This is idealized in the line and curve of Fig. 5, which cut at 100 
A2 for cationics; in general, the area below which the cohesive pressure 
does not increase further is obtained by equating [4] and [8]. 

In this low-area region 7, is considerably less than in Langmuir’s neutral 
films; the surface cohesion for a neutral molecule with 20 —CH»2— groups, 
for example, is about 21 dynes cm.-! compared with 8 dynes cm. for the 
corresponding charged film of octadecyltrimethylammonium ions. This 
difference may well arise from the strong electrical repulsion at low areas 
—the long-chain ions in the surface tend to be distributed evenly over the 
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surface and local clustering (which leads to more effective cohesion) is 
thus prevented in charged films. Thus z, is no longer completely inde- 
pendent of electrical effects, though allowance can be made for this (as in 
Kas. [8]); in this way separability of electrical and cohesive effects is still 
possible. 

The variation of «, with n, the number of —CH,— groups in each 
chain, is again very marked in the low-area region. Langmuir’s data (20) 
for neutral films show that 7, is approximately proportional to n for 
expanded films in the range of n from 11 to 20. Though results for charged 
films are fragmentary (Fig. 2b), the lines drawn in the figure (and which 
lead to Eqs. [8]) are not inconsistent with experiment. 

At first sight the different cohesive energies between the hydrocarbon 
chains of surface-active cationics and anionics may appear surprising. There 
are, however, other differences between the two types of surface-active 
ions; for example, much more oil can be solubilized in cationic than in 
anionic micelles (21, 22) owing to the tighter cohesion in the latter. The 
long-chain anions carry their charge on the exposed oxygen atoms of the 
head group; the counter ions may therefore polarize this and so lie close 
under the head group, permitting the hydrocarbon chains to pack fairly 
closely. With cationics, however, the charged nitrogen atom is both 
enlarged and protected from polarization by the attached hydrogen or 
methyl groups; the counter ions cannot fit snugly and so the surface film 
at low areas may be expected to be more disordered, as is also the micelle. 
The finding (Fig. 2b) that cohesion is more important in films of anionics 
than in films of cationics is thus not unexpected. 


Tue Equations or STATE AT THE AIR-WATER SURFACE 
If A > 100 AZ, for cationics, or 71 A.’, for anionics, we have, by substi- 
tuting in [6] for K and Az (18): 


(=* + 400n/A*”? — 6.10! {cosh sinh a — iS) (A i= Ap) = kT... (9] 


In the low-area region we have, using Eq. [8] for z;: 


Ge pt —-6-10!” {cosh sinh? Soup \iA te Ae ele 
Ac}? 


where c is the concentration of uni-univalent electrolyte in the solution, 
and where B is 0.4 for cationics and 0.67 for anionics. If, however, Ac!” < 38, 
these equations may be simplified, respectively, with an error of not more 
than 2%, to: 


TA,  400n(A — A 
wi(A — A) = 3kT — 6.1(A — Apel” — a - gull [11] 
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Fic. 6. Plots of product r#(A — Ao) vs. A (in A.) for ionized films at the oil- 
water interface. Comparison is made with the appropriate theoretical equations 
(Eqs. [10] and [12] with +, = 0 = 8), represented by full lines throughout. 

(a) Films of lauryl sulfate ions adsorbed from water. Experimental figures are 
those of Cockbain (8). Where the Gibbs equation was used to calculate adsorptions, 
the factor 2 was retained, and these results (full circles) agree well with direct meas- 
urement (crosses). Points at areas above 60 A.? could not accurately be determined 
from the Gibbs equation and such points are omitted. The value of Ao used here is 
20 A.2 throughout. 

(b) Films of lauryl sulfate ions adsorbed from 0.1 N NaCl. Here Ao is 
20A.2 throughout. Cockbain (8) used the Gibbs equation with a factor of 1 in cal- 
culating all points. The full points are calculated from an extrapolation of Cock- 
bain’s experimental data. 

(c) Films of laurate ions adsorbed from solutions of pH 11. Data taken from Cock- 
bain and McMullen (6), who used the Gibbs equation with factor 2 since no salt 
was present; Ay = 20 A.?. 

(d) Films of CosH;3N(CHs3)3+ spread on 10-? N NaCl (13). Here Ao = 30 A.?. 


and 


a(A — Ay) = 3kT — 6.1(A — Ap)? — aes 


— Bn(A — Ao). [12] 


A further simplification is possible if both A/c and +/c are small, as is 
true for sodium lauryl sulfate adsorbed in the absence of salt. Then: 


At ——— 


A 
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Fig. 7. Plots of product 7 (A — Ao) vs. A (in A.?) for ionized films at the azr- 
water surface. Comparison is made with the appropriate theoretical equations (Eqs. 
(9], [10], [11], [12]), represented by full lines throughout. 

(a) Films of lauryl sulfate ions adsorbed from water: closed circles, data of Pethica 
(9); open circles, data of Hutchinson (5); crosses, data of Brady and Brown (7); 
triangles, data of Miles and Shedlovsky. Ao is 20A.2 throughout. All points are 
calculated from experimental figures using the Gibbs equation with a factor of 2. 

(b) Films of lauryl sulfate ions adsorbed from 0.145 N NaCl; results are those of 
Pethica (9), using the Gibbs equation with a factor of 1 and with Ao as 20A.’. 

(c) Films of lauryl sulfonate spread on 16.6% NaCl; results are those of Brady 
(2), with Ao as 20A.?. Points at 60A.? and 75A.2 have been calculated from an ex- 
trapolation of Brady’s force-area curve. 

(d) Films of a-bromopalmitate spread on 6 X 10°? N Na’. Points are from the 
data of Crisp (1), and Ao is taken as 25A.?. 


An approximate equation of state for low areas can now be obtained by 
substituting the appropriate terms into Eq. [3]. Thus 


(r* — 1; — Ar)(A _ Ao) =i’ [3] 
becomes: 
(«+ bn — 2D) (a — Ao) = BP, [13] 


which is valid for films at low areas (<71 A. for anionics) adsorbed on 
substrates of very low total electrolyte concentration. 
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COMPARISON WITH EXPERIMENT 


For films at the oil-water interface, 7, = 0, and so Eqs. [10] and [12] 
with 6 = 0 should apply. Comparison with various experimental data is 
made in Fig. 6. 

In Figs. 7 and 8 experimental data for adsorbed and insoluble films at 
the air-water interface are shown. They are compared with Eqs. [9] and 
[10], or with the simpler forms (Eqs. [11] and [12]) where possible. Three 
points may be noted from the figures. Firstly, the air-water values of the 
product m#(A — Ao) (using Ao values obtained from insoluble films of 
the same type) are considerably lower than for the same films at the oil- 
water interface, often by as much as 1kT (cf. Figs. 6a and 7a; 6b and 7b, 
6d and 8a). Secondly, the theoretical equations cover the experimental 
rise in the product at areas below 80 or 100 A. Thirdly, the most soluble 
films (lauryl sulfate in the absence of added salt) show products rather 
higher than calculated, as seen in Figs. 6a and 7a. 

A direct test of the form of the cohesive pressure corrections is also 
possible, using the data of Fig. 1 for octadecyltrimethylammonium films. 


3kT 3kT 
CigH37N(CH3)3* es CigH37N(CH3)3* 
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‘Fic. 8. Plots of product r*(A — Ao) vs. A (in A.?) for charged films of octadecyl- 
trimethylammonium ions spread at the air-water surface. Points are taken from the 
curves of Davies (13) with A» as 30A.2. Comparison is made with the appropriate 
theoretical equations (Eqs. [9], [10], [11], [12]) represented by full lines throughout. 


. a Films on 0.033 N NaCl; (6) on 0.1 N NaCl; (c) on 0.5 N NaCl; (d) on 2 N 
aCl. 
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TABLE I 


Measured and Calculated Cohesive Pressures for Monolayers of Octadecyltrimethyl- 
ammonium Ions at the Air-Water Interface, with c = 0.01 N 
—II, (dynes cm.) from 


Area per long-chain ion (A.®) experimental data of ref, II, (dynes cm.) calculated 
(11) using Eq. [7]. of. Fig. 3 from Eqs. [4] and [8] 


High-area region 


400 0.4 1.0 
300 0.8 1.5 
200 9.4 2.8 
150 4.2 4.3 
100 6.8 8.0 
Low-area region 
90 thes 8.0 
80 Ths 8.0 
70 7.8 8.0 
60 8.0 8.0 
50 8.0 8.0 


In Table I the cohesive pressure has been determined from the experi- 
mental data by applying Eq. [7]; the calculated values were obtained from 
Eas. [4] and [8]. 
Discussion 
1. The Value of Ao 


In the calculation of the points and curves of Figs. 6 and 7, it has been 
assumed that Ao is 20 A.2, as in insoluble, condensed films of CooH 4380’. 
- This assumption was made to avoid introducing a further empirical factor 
into the surface equation of state. There is, however, a growing body of 
evidence to suggest that Ao is higher in adsorbed “soluble” films than in 
spread films or even in the less soluble adsorbed films. Pethica (9), for 
example, takes Ao for the lauryl sulfate ion to be 31 A.2, while Cockbain,(8) 
suggests that the 25 A. used in his calculations may be too low. Brady and 
Brown (7) consider 30.5 A reasonable, though Cook and Talbot (23) 
suggest that Ao is as high as 50 Ne 

On this assumption that Ao is indeed higher in “soluble” (weakly ad- 
sorbed) monolayers of long-chain ions, the data for films of lauryl sulfate 
adsorbed in the absence of salt have been recalculated with Ap = 33 A, 
this giving the best fit between the points and the calculated curves; ¢f. 
Figs. 6a and 7a, and 9a and 9b. 

The approximate equation of state for low areas and low ionic strengths 
(Eq. [13]) has been compared with experiment in Figs. 9c and 9d, again 
with Ay = 33 A, and with 6 = 0 for films at the oil-water interface. 


2. The Reason for the Larger Ao in the More Soluble Films 


Cockbain (8) suggests that Ao is greater in the more soluble films because 
some of the hydrocarbon chain extends, in a coiled form, into the aqueous 
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Fia. 9. Effect of taking Ao as 33 A.? for soluble films. Comparison of experimental 
points with theoretical equations represented by full curves. 

(a) Plot of x-(A — 88) vs. A for sodium lauryl sulfate adsorbed at the oil-water 
interface in the absence of salt; crosses and circles as in Fig. 6a. Squares refer to 
results of Haydon and Phillips (24); triangles refer to results for dodecyltrimethy]l- 
ammonium ions (24). Curve is plot of Eqs. [11] and [12]. 

(b) As in (a) but at air-water surface: crosses, circles, and triangle as in Fig. 7a. 
Curve is plot of Eqs. [11] and [12] with no cohesion correction. 

(c) Test of Eq. [13] for low areas and low electrolyte concentrations. Data are 
for sodium lauryl sulfate adsorbed at the oil-water interface (@ = 0) in the absence 
of salt. Circles and crosses as in Fig. 6a. Squares from data of ref. (24) for lauryl 
sulfate. Line at 1k7 represents Eq. [13]. 

(d) As in (c), but at air-water interface, with Bn = 8. Crosses, circles, and triangle 
as in Fig. 7a. Line at 1kT represents Eq. [13]. 


phase. To the present author this seems reasonable; this tendency for Ao 
to increase will be enhanced if n is small (less cohesive force to pull the 
chains out of the water or to orient them) and if the electrical potential on 
the film is high (i.e., A small or c low), which increases the tendency to pull 
the chains into the water. 

The same conditions (n, A, c lower) make the film more soluble, ice., 
the long-chain ions are less strongly adsorbed. 
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3. The Empirical Equation of Brady and Brown 


To fit their data for sodium lauryl sulfate adsorbed at the air-water 
surface Brady and Brown (7) suggested the empirical equation: 


(= = ) (A — 30.5) = kT. [14] 


This relation is numerically close to Eq. [13] over the range of areas 50 A.” 
to 70 A.2; here kT/A is about 7 and @n is 8. Clearly, however, this nu- 
merical agreement cannot hold over a wider area range, nor with longer 
chains (larger n), nor with cationics (@ lower). A more detailed investiga- 
tion of this would seem worth while. 


CoNCLUSION 


That charged films at the air-water surface (7, 9, 13) do not obey the 
equations of Davies (13) for ozl-water films is shown to be due to neglect 
of the cohesive pressure between the hydrocarbon chains. Whereas charged 
monolayers of long-chain quaternary ions at the ozl-water interface are 
known to behave in accord with the equations of Davies (13), it is shown 
here that the same films at the azr-water surface obey fairly closely Eqs. 
[9], [10], [11], [12], [13] in which the cohesive pressure has been introduced. 
The latter equations are also consistent with the rather chaotic published 
measurements on adsorbed films of sodium lauryl sulfate, both with and 
without added salt. 
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ABSTRACT 


Liquid drops floating on a surface of the same liquid were studied using high- 
speed photography. The coalescence of a drop with the underlying surface or with 
another drop on collision is delayed by the air film trapped between the opposing 
surfaces which deform on approaching each other. A drop remains in contact with 
the underlying surface for a time proportional to its size. When two floating drops 
collide they bounce or coalesce after a time proportional to the cube of the size of 
the smaller drop. Drops of diameter smaller than 0.05 cm. coalesce readily with 
other drops, whereas those larger than 0.1 cm. in diameter are more likely to bounce. 
These results have a bearing on the coalescence of colliding jets, mist, and raindrops. 


INTRODUCTION 


The phenomenon of drops of a liquid floating on a surface of the same 
liquid was described in 1881 by Reynolds (1), who observed raindrops 
remaining on a dust-free water surface for some seconds before coalescing 
with the underlying water. Surface-active agents cause floating drops to 
last longer, and hence we suggested that they would hinder coalescence 
of droplets in a cloud. Telford (private communication) tested this sug- 
gestion.in a wind tunnel, but found that small drops formed from solu- 
tions of surface-active agents coalesced just as rapidly as drops of pure 
water. We sought the reason for this apparent anomaly by a study of 
coalescence processes. 


]}XPERIMENTAL 


The solution used to form floating drops was 0.1% w/v cationic deter- 
gent (I.C.I. “Cetavlon” containing 75% cetyl trimethyl ammonium 
bromide) in distilled water. Qualitatively this solution behaved like a 
wide variety of sprayable liquids. A fine jet which broke into drops was 
played at an angle of about 30° at a point off-center on a surface of the 
same solution contained in a glass vessel 3 cm. in diameter. The drops 
bounced off the surface and off the wall and then floated individually or 
in the form of a drop raft (Plate I, 4). The drops were photographed from 
above at film speeds up to 2700 frames/sec., the speed being estimated 
from a timing trace, 
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lon” solution, floating on the same solution, individually, and in apparent contact 
in a drop raft. 


Scales are as shown. The numbers marked on the frames are the times in milli- 
seconds from frame A. 

A: Overall view of vessel, jet entering from top left and hitting the surface near X. 

A small drop ‘‘a’’ (A-C) coalesces with the surface, forming a wave pattern (Oy 
A medium size drop ‘‘b’’ bounces from a larger drop (A and B), and then from a 
smaller drop (A-C). Drop ‘‘b”’ collides with a larger drop at the edge of the raft 


(D) and coalesces with it, showing rapid development of necks (H and F), a small 
protuberance (@ and H), and oscillation (J). 
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The coalescence of a drop with the underlying surface was revealed by 
a wave pattern (Plate I, C). Occasionally the drop coalesced in stages 
(cf. (2)), a secondary drop being ejected a few millimeters into the air. 

Drops colliding with each other remained in contact for a period, the 
time of apparent contact, and then separated or bounced (‘‘b,” Plate I, 
A-C) or coalesced (‘‘b,” Plate I, D-I). The onset of coalescence was shown 
by a “neck” which widened within a few milliseconds (“‘b,” Plate I, H-G) 
causing oscillations (‘‘b,” Plate I, 7) the amplitude and period of which 
increased with the size of the drops involved. During coalescence protu- 
berances often formed (Plate I, G and H), and occasionally one would 
detach as a secondary drop. 

The life of a drop is measured from its appearance on the surface to 
the appearance of the wave pattern produced by its disappearance and 
could usually be determined to +5 msec. For bounce or coalescence on 
collision the error in the time of contact was about 1 msec. The drop 
diameters were measured to +£0.01 cm. by comparison with the known 
size of the vessel. Since drop sizes ranged from 0.02 to 0.24 cm. there was 
a considerable error in measuring the smaller drops. 


RESULTS 


Figure 1 shows the time of apparent contact (t in milliseconds) for 
coalescence between a floating drop and the free liquid surface in relation 
to the drop diameter (d in centimeters). The best linear fit on a double 
logarithmic plot is: 


i ex Ome [1] 
However, a simpler relation: 
t= 4x 10d [2] 


is consistent with the results. 

The times of apparent contact for mutual bounce and coalescence be- 
tween two drops were found to depend on the diameter of the smaller 
drop as shown in Fig. 2. A relation which represents the results is: 


t= 18 X 10'd’. [3] 


These results, as shown by the two curves in Fig. 2, strikingly bear out 
the visual observations that drops less than 0.1 cm. in diameter coalesce 
with one another much more rapidly than with a free liquid surface. In 
qualitative accord with relations [1]-[3] are the visual observations (1, 3, 
4) that single drops a few millimeters in diameter float for about 2 sec. 
Some of the larger drops shown in Plate I were present throughout the 


2.5 sec. duration of the film. ea 
The scatter of the experimental results indicates that the errors of 
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t=2x10'd"” 
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Fic. 1. Coalescence with the underlying surface. Variation of apparent contact 
time with drop size. 
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Fra. 2. Bounce and coalescence between colliding drops floating on the surface. 
Variation of apparent contact time with the size of the smaller drop involved. 


measurement are outweighed by uncontrolled factors such as a variation 
in velocity of impact and oscillations of the surface or of the drops. 

Figure 3 shows that in mutual collision drops smaller than 0.05 cm. in 
diameter are more likely to coalesce than are drops larger than 0.10 cm. 
The larger drops often bounce many times. The increased probability of 
coalescence with decrease in drop size seems to be related to the decrease 
in contact time as expressed by relation [3]. The above observations agree 
with the high percentage of coalescences observed by Telford et al. (5) 
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Fig. 3. The dependence of the frequency of bounce and coalescence on the size 
of the smaller of two colliding drops. 


for a mist of 0.015 cm. water drops, and also for drops of ‘‘Cetavlon”’ 
solution (private communication). 


DIScUSSION 
The Mechanism of Floating Drops 


Newton’s rings can be seen between the floating drops and the under- 
lying liquid surface (6). These indicate an air gap of 0.1-1.0 uw in thickness. 
That an air film can be formed is shown by the observation of Riedel (7) 
that drops of soap solution falling from a sufficient height can penetrate 
a plane liquid surface and remain completely surrounded by an air film 
of thickness 6 » for a drop 0.3 cm. diameter. We observed this same phe- 
nomenon with “Cetavlon” solution. Small air bubbles are also trapped in 
the underlying liquid or the remaining drop after coalescence. By replacing 
air by other media, including viscous oils, Mahajan found that the life of 
floating drops increased more or less linearly with the viscosity of the 
surrounding medium (8). By means of interference rings, Deryaguin and 
Prokhorov (9) studied an air gap between two drops of a volatile liquid 
pressed against each other. A stream of unsaturated air passing around 
the drops caused the diffusion of air and vapor through the gap sufficient 
to prevent coalescence indefinitely. In some recent work they showed that 
the vapor saturation also played an appreciable although less important 
part in the coalescence of moving water drops and drop mists (9). 

We considered the application, to this problem, of two simple models 
used by Elton (10) in his studies of the approach of a gas bubble in a liquid 
to a solid surface. In the first model a sphere approaches a plane in a vis- 
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cous medium and this gives a calculated rate of approach much greater 
than the observed rate. 

When floating drops are obtained the underlying liquid is depressed 
and the drops are flattened. Thus the approach of the two opposing sur- 
faces might resemble that of two curved parallel discs. If we take two 
plane parallel discs as equivalent for our second model, the time ¢ to ap- 
proach from an initial separation fh; cm. to a final separation he is (10): 


fis (i = ,) [4] 


where D is the disc diameter (in our case the diameter of the equivalent 
deformed urea), 7 the viscosity of the air between the discs (1.8 X 10 
poise), mg is the force on the discs (in our case the weight of the drop). 
If ho « hi, the 1/ h? term can be neglected. If D is proportional to d, rela- 
tion [4] agrees in form with relation [2]. With the assumption of plausible 
values of D and h, the calculated times can be made to agree with the 
experimental. Hence the disc model is at least plausible. 

There is experimental evidence that the flow of entrapped air between 
the two liquid surfaces does not alone control the stability of the floating 
drops. We have confirmed that dust and electric charges hinder or com- 
pletely prevent the formation of floating drops. 

The increased stability of floating drops with decrease in surface tension 
is ascribed to the increased deformation of the drops and underlying sur- 
face and consequently to the larger area of the air gap. A monolayer of 
insoluble surface-active material also increases drop stability, but an excess 
has the same effect as dust. 


The Mechanism of Mutual Bounce and Coalescence of Floating Drops 


Large drops floating in the form of a drop raft show flattening between 
drops (Plate I). Again the considerable times for which large drops rest 
against each other and the rapidity of coalescence after a neck forms sug- 
gest that it is an air film between the deformed surfaces which controls 
coalescence. Thus, qualitatively, the factors discussed above which influ- 
ence the stability of floating drops will similarly influence mutual coales- 
cence. However, the contact time depends on the forces between the drops 
and hence on the slope of the surface surrounding the drops. The slope 
probably depends on the experimental arrangement, the number and size 
of drops constituting the raft as well as the surface tension and density of 


the liquid. 
Bounce and Coalescence of Colliding Jets 


From the above results we would expect, as Lord Rayleigh found (11), 
that small drops from two jets which collide in the air would rapidly 
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coalesce and that large drops would bounce. Some factors affecting floating 
drops influence colliding jets similarly. Thus soluble surface-active agents 
facilitate bounce but dust and electric charges prevent bounce (11). 


CONCLUSIONS 


The coalescence of a drop with a free surface or with another drop on 
collision is delayed by the air film trapped between the opposing surfaces 
which deform on approaching each other. The delay increases with the 
size of the drop because of the increased volume of air trapped. The delay 
is such that on mutual collision floating drops of 0.1 cm. diameter readily 
bounce but drops of 0.05 cm. are more likely to coalesce. Drops colliding 
in jets behave similarly. The results should have a bearing on the coales- 
cence of rain drops and mists of the size range studied, i.e., > 0.01 cm. 
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INTRODUCTION 


The work carried out at our laboratory during the last ten years! on the 
properties of spread or adsorbed monolayers can be divided into three 
categories: 

I. The behavior of protein films spread on aqueous substrates at various 
pH and salt concentrations. 

II. The study of the surface potential of very dilute (“‘gaseous’’) spread 
or adsorbed films and of heterogeneous films, for substances showing a 
two-dimensional phase change. 

III. The study of isotherms, of the laws and mechanism of desorption for 
a slightly soluble spread monolayer; the study of the validity of Gibbs 
equation. 

This work is a continuation of the research on spread monolayers carried 
out by J. Guastalla with the two surface balances or ‘“‘manometers” de- — 
vised by this author. 


Surface Manometer and Micromanometer 


These apparatuses (Figs. 1 and 2) are of the Langmuir “differential” type 
and they are direct-reading. A float separates two parts of the surface of the 
substrate. The film is spread on one of them (left compartment on the 
figures). The pressure exerted by the film on the float gives rise to a restoring 
force which is measured by the displacement of a spot on a scale. 

In the case of the surface manometer (3) (Fig. 1), the float is made of 
paraffin-coated mica and is attached to the frame by two vaseline-coated 
silk threads. The float displaced by the film causes the deviation of a 
‘Hendulum-like element’? from its equilibrium position; the deviation of 
this element (magnified by an optical device) is proportional to the hori- 


1 The study of spread monolayers is an old tradition at the Laboratoire de Chimie 
Physique de la Faculté des Sciences, Paris; A. Marcelin had undertaken this research 
as early as 1918. 
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Fic. 1. Surface manometer. 


Fic. 2. Surface micromanometer. 


zontal restoring force. The weight of the pendulum-like element determines 
the sensitivity of the apparatus, which can attain 0.02 dyne/cm. 

In the case of the surface micromanometer (2) (Fig. 2) the float is substi- 
tuted by a vaseline-coated silk thread floating at the surface of the sub- 
strate and kept under a known tension. The thread takes a curved shape 
owing to the film pressure, and the displacement of the mid-point of the 
thread is proportional to the pressure. 

The tension of the silk thread determines the sensitivity of the apparatus, 
which can attain 0.001 dyne/cm. 

J. Guastalla (2-7) has verified the following results (already predicted 
by N. K. Adam (1)) from a study of very dilute films of several fatty sub- 
stances and proteins; at extreme film dilutions the equation of state for 
monolayers becomes analogous to the three-dimensional Boyle-Mariotte 


law: 
po = kT, (1] 
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where p = surface pressure in dynes/cm.; o = surface area in A?/molecule, 
— Boltzmann constant; 7 = absolute temperature. This result embodies 

the fundamental principle of the method suggested by J. Guastalla for 

the determination of the molecular weights of spread proteins (4-6). 


I. Srupy or THE BEHAVIOR OF PROTEIN Fitms SPREAD ON THE SURFACE 
or AQUEOUS SUBSTRATES AT Various PH’S OR 
Saur CONCENTRATIONS (8, 9) 


Certain molecular properties, such as size and weight, of proteins spread 
on substrates at various pH’s or salt concentrations, can be studied by 
means of surface manometers. N. Benhamou has investigated several 
proteins, for example, oxyhemoglobin. She has shown that the pH ranges 
of stability for the spread protein and for the protein in solution are about 
the same (note that in the first case the pH of the substrate has to be 
considered). 

J. Guastalla’s method (4) was used for molecular weight determinations. 
The method subsequently suggested by Bull (10, 12) is analogous. 


9) 
millidynes/ 


0.05 mo /.2 


extrapolation 


0.05 0.1 


cmg Vane 
Fig. 3. Compression results for very dilute films of oxyhemoglobin. Substrate pH 3.1. 
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The compression curves of the very dilute spread film were studied. 
The corresponding isotherms can usually be represented by the equation: 


Tel, 

where S = area/g. of protein, b = cosurface, M = molecular weight, and 
R = gas constant. This can be rearranged to give: 

TENE, 

(eta) = (FF) 

where C = concentration in g./unit area. If C/ p is plotted as a function of 
C (Fig. 3), a straight line is obtained which, when extrapolated to C = 0, 
permits the calculation of the molecular weight and, when extrapolated 
to C/p = 0, leads to the “‘cosurface” concentration (1/b). 

Figures 4 and 5 show, for example, the behavior of oxyhemoglobin 
molecules spread on the surface of substrates having a pH <8. The mole- 
cules of this protein dissociate at about pH 6. Between pH 4 and 5 stable 
units having a molecular weight of about 35,000 are found. When sub- 
strates of lower pH are used, a gradual splitting occurs which leads to 
smaller units (probably globin of molecular weight equal to 11,000 at pH 
= 2). 

The very compressed protein films show a “collapse point” (11, 13); 
N. Benhamou has pointed out that the variation of the molecular area 
and of the average film thickness at the collapse point can lead to an 
interpretation of the mechanism of the splitting which she observed while 
making molecular weight determinations in very dilute films. 


? 


3 4 S) 6 7 8 


Fic. 4. Molecular weight of oxyhemoglobin as a function of substrate pH. 
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Fia. 5. Variation of “eogurface” as a function of substrate pH (oxyhemoglobin). 


TABLE I 
Results for Oryhemoglobin 
Kole 
Substrate pH Mol. wt. essure, 


(dynes/cm.) REO) (A) (Aa 
KH.PO, + K:HPO:) 0.04 molar 6.9 70,000 22 3.4 26 3,400 
K Biphthalate 0.025 molar and KOH 4 5 35,000 22 1.8 14 3,200 
HC! 0.01 molar 2 11,000 20-21 2 15 900 


The molecular area o, is equal to M /C.N, where C; is the film concen- 
tration at the collapse point and N is Avogadro’s constant. 

If the density of the protein in the film is equal to the density d of the 
crystal, the film mean thickness ¢ is given by the relation: ¢ = 10 C./din A. 
The e and o; values calculated by N. Benhamou (9) are shown in Table I. 

At the first splitting the molecule breaks up horizontally so that each 
resultant molecule has half the height of the original molecule (¢- of the 
resulting molecule is substantially equal to o- for oxyhemoglobin at the 
isoelectric point); when the final splitting occurs the molecules could be 


broken up vertically, the thickness of the film remaining unchanged 
(14-15 A.). 


Il. Surracr PorentiAL MEASUREMENTS (20-23) 


The surface potentials are determined by the well-known method of the 
ionizing electrode (16). The device used (23) is very accurate and permits, 
in particular, the determination of very low surface potential values of 
monolayers, constituted by fatty acids (myristic acid and lauric acid), 
in the state called “gaseous.’”’ Simultaneously, the surface pressures of 
the same monolayers have been studied using surface manometers. 

Figure 6 shows the plot of the surface potential AV against the mono- 
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Fia. 6. Surface potential (millivolts) of myristic acid with substrates of HCl solution. 


layer concentration 6 for the whole range of concentrations of stable 
myristic acid films spread on substrates at different pH values. 

The surface potential of fatty acid monolayers in the “gaseous state”’ 
adsorbed or spread on the surface either of distilled water (19-21) or of 
very dilute hydrochloric acid (concentration lower than 10-4 N) is nega- 
tive; when the acidity increases, the concentration range of films showing a 
negative potential diminishes and when the pH of the substrate becomes 
lower than the value 4, the values of the negative potentials are of the 
same order of magnitude as the experimental error. 

The analytical form of the curves of surface potential has been predicted 
by J. Guastalla (17). This relation can be written as follows: 


V = 12 0m (6 — K6*?) 


where m is the apparent vertical dipole moment of the carboxyl group. 

The value of m may be calculated from the slope of the tangent at the 
origin to the curves of Fig. 7. When the substrate contains very little 
acid (less than 2 X 10-°M HCl), the value m = 1.7-1.8 Debye is obtained 
at any pH of the substrate. 

Several authors (14, 15, 18) have observed that measurements of AV 
are very difficult in the “transition” region when the mean concentration 
of the film is intermediate between the “evaporation” point and the ‘“‘con- 
densation”’ point. 

J. Michel (23) has shown that the results may depend on the measuring 
technique adopted. Thus a small electrode placed near the surface registers 
values of AV which diminish as a function of time and tend to the value 
obtained for the monolayer in the so-called ‘saturated vapor”’ state, 
whatever the mean concentration of the film may be (Fig. 8, curve I). 
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Fig. 7. Surface potential of myristic acid. Substrates: HCI solutions. 
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Fic. 8. Effect of electrode type on surface potential of heterogeneous films of myristic 
acid. Substrate: 10-2N HCl. 


However, if the measurements are carried out quickly with an electrode 
placed away from the surface and having a surface area as large as that of 
the film, the AV values obtained for heterogeneous monolayers vary as 
a continuous function of the mean monolayer concentration (Fig. 8, 
curve IT). 
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After having shown that this phenomenon was independent of the 
presence of the Polonium source and was caused only by the electrode, 
J. Michel has assumed that the electrode itself (the grating) has driven 
away the molecular aggregates (portions of the condensed phase), and 
that the film in the state called “saturated vapor” is the only one able to 
maintain itself in the presence of the electrode. 

Finally J. Michel has shown that the surface potential curves of ad- 
sorbed films have the same characteristics as the potential of spread films. 
J. Michel (21), like several other authors (24), has measured the variation 
of surface potential of a solution as a function of time, in order to study the 
kinetics of adsorption during the first few seconds after the formation of a 
fresh surface. 


III. Srupy or Tom Spreap Mononayer, or ADSORPTION AND DESORPTION 


All experiments were carried out on the same substance (lauric acid), 
the liquid substrate or solvent consisting of a 10-2 M hydrochloric acid 
solution. 


1. Spreading and Adsorption of Lauric Acid 


The study of the isotherm of the spread monolayer, initiated by N. K. 
Adam (25), was taken up again using the surface manometers of J. Guas- 
talla (see Introduction). 

Since the film is slightly soluble, its surface pressure p tends to diminish 
as a function of time. The experiment should be performed ‘‘point by 
point,” i.e., for each film concentration the substance is spread, the film 
thus obtained is compressed immediately, the pressure is plotted as a 
function of time, and the resulting curve is extrapolated to zero time. The 
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Fia. 9. Variation of surface pressure as a function of time. Lauric acid. Substrate: 
10-2N HCl; 20°C. The curves 2-11 correspond to original molecular areas equal to: 
49.7, 40.2, 37.1, 35.5, 34, 32, 31.1, 28.6, 27.1, 22.6 A.?. 


406 L. TER MINASSIAN-SARAGA 


desorption studies (see below) have led to a method of extrapolation 
according to which log p is plotted as a function of the square root of time 
(Vi), (Fig. 9). The po values thus obtained are then plotted asa function 
of the area (c) of the molecules making up the original spread monolayer, 
and the isotherm is thus established (Figs. 10 and 11). The equation of 


2000 4000 6000 
° 
oA > 
Fig. 10. Laurie acid in the gaseous state. Substrate: 10-2NV HCl. O Adam 
(14-16°C.). @ present study (19°C.). 
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Fia. 11. Lauric acid at 20°C. Substrate: 10-2N HCl. I: extrapolation of p-t plot; 
II extrapolation of log p — 4/t plot; III Harkins (31); O Adam (25). 
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Fic. 12. Adsorption curves for lauric acid. Solvent: 10-2N HCl; 21°C. + 1 (46); I: 
experimental; II: calculated. 


state for a film of lauric acid in the state called ‘“‘expanded”’ has the ana- 
lytical form suggested by J. Guastalla (7), as follows. 


p = kT6 + Bs? + As, [2] 


where A and B are constants. 

The experimental study of the adsorption, i.e., the measuring of the 
surface tension lowering p = Ay at equilibrium for different lauric acid 
solutions (28, 40), leads to the adsorption curve (p is-plotted against the 
concentration of the solution cz) (Fig. 12).? 

Let us consider now the verification of the Gibbs equation which can 
be written: 


dp = 6kTd ing, : [3] 


where 6 = 1/c is equal to the surface concentration of the monolayer in 
molecules/cm.?. 

The verification of the Gibbs equation was attempted by two different 
methods: 

1. The value of 6 is obtained by graphical differentiation (25, 40) of 
the adsorption curve. The variation of o as a function of p is shown on 
Fig. 13, curve I, which is called the calculated isotherm of the adsorbed 
monolayers. 

2 A similar study was carried out for several cationic detergents, which belonged 


to a homologous series and were strong electrolytes. In particular, experiments were 
carried out in the presence of mineral salt at different concentrations (49, 50). 
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Fia. 13. Isotherms of lauric acid adsorbed film (I) and spread film (II). 


Let us suppose with Langmuir (34) that the spread and the adsorbed 
monolayers are identical. In order to verify the Gibbs equation, the cal- 
culated isotherm of the adsorbed monolayer is compared with the isotherm 
of the spread monolayer. 

The agreement between the two curves was found to be satisfactory, 
in comparison with the results of other authors (36). 

2. After elimination of p between Eqs. [2] and [3] the relation [3] is inte- 
grated to give (40, 46): 


log cy = 1.105 X 10-7672—6.10 3x 10-752 + log 6 + log A, [4] 


where A is the integration constant. 

Finally after elimination of 6 between Eqs. [2] and [4] p is obtained 
as a function of c,/A; this last function is the calculated adsorption curve, 
provided the integration constant is evaluated; this can be done with the 
help of one point taken from the experimental curve; it has thus become 
possible to compare the calculated adsorption curve with the experimental 
one. The agreement is satisfactory, as can be seen from Fig. 12. 

The two series of measurements (adsorption curve and isotherm) allow 
the calculation of the ratio Ka = ¢./5 corresponding to a given surface 
pressure and concentration ¢, ; this ratio is called the desorption coefficient ; 
its variation as a function of p (46) is shown in Fig. 14. 


2. Desorption of Spread Monolayers of Lauric Acid (30, 42, 43, 47) 


This phenomenon was studied in two different ways, either by keeping 
the pressure of the film constant, in which case the area of the monolayer 
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decreases, or by keeping the area constant, in which case the pressure of 
the film decreases as a function of time. 

These two kinds of experiments were carried out at constant temperature 
with the help of a temperature-controlling device which was originated 
in this laboratory (45). 

(A) Desorption of a Monolayer Kept under Constant Pressure. The 
desorption experiments under constant pressure were carried out with the 
help of a surface barostat (30) (Fig. 15), a modified surface manometer 
with a pendulum-like element on which a platinum wire is fixed. The wire 
forms part of an electrical relay circuit which sets a motor going whenever 
the pendulum-like element is displaced because of a slight decrease of the 
surface pressure (0.05 dyne/cm.). The motor moves the piston which 
compresses the film until the initial pressure is obtained. 

During a desorption experiment, the displacement of the piston permits 
the measurement of the area S of the film as a function of time. The results 
of a typical experiment are represented by plotting the logarithm of S 
as a function of ¢ (Fig. 16). The plot thus obtained, called the desorption 
curve, has two parts: a curved part at the beginning and a linear portion 
for higher values of ¢. 


Kg cm 


10 
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0 10 20 30 
Fig. 14. Desorption ratio (Ka = ¢a/5) for lauric acid dissolved in 10-2N HCl at 20°C. 


Fira. 15. Surface barostat. 
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Fra. 16. Desorption curves for lauric acid at 19.5 + 0.5°C. Substrate: 10-°N HCl. 
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F1a. 17. Influence of pressure on desorption of lauric acid monolayers maintained at 
constant pressure with a substrate 10-°N HCl; 19.6 + O52C: 


The results obtained for a substrate at given pH and temperature are 
reproducible, provided that the depth of the liquid substrate is always 
the same. This condition is in agreement with the mechanism of desorption. 

The steepness of the desorption curve increases with pressure, but the 
lapse of time corresponding to the first portion of the desorption curve 
seems to be independent of the pressure (15-20 minutes) (Fig. 16). 

Physical meaning of the desorption curves. Let N be the number of 
molecules of the monolayer. Its area is then equal to S: 


S = oN. [5] 


3 The reference (47) contains a more detailed discussion of desorption. 
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The slope K(¢) of the tangent to the desorption curve at any point is called 
the rate of desorption. It can be defined by the following relationship: 


dS ao dN 
t Si = — = 
ae S dt sa ~ 720: 6] 
where &(t) = —(1/8)(dN/dt); this last term is by definition the number 


of molecules lost per unit time and per unit surface, i.e., the rate of diffu- 
sion at the surface. The integral of K(¢) between zero and ¢ gives: 
t t 
I K(t) dt = in = =) &(t) dt, [7] 
0 Seo 6 
which represents the desorption curve. The quantity In(S)/S8) stands 
for the number of molecules that have crossed a unit surface in time ¢. 

Desorption experiments at constant pressure and constant molecular 
area permit the calculation of the diffusion rate by means of relation [6]. 

The particular form of the desorption curve indicates that the rate of 
diffusion varies as a function of time at the beginning of an experiment; 
therefore the desorption rate is also varzable. After a certain lapse of time, 
the rate of desorption becomes stationary, independent of time, and is in- 
dicated by the linear form of the desorption curve. 

Mechanism of desorption. At the beginning of a desorption experiment, 
just after spreading, the film is in contact with the pure substrate. The 
molecules of the film may acquire the activation energy corresponding to 
a possible potential barrier and thus may become able to penetrate the 
substrate and mix with the adjacent molecules of this phase. This process 
(a) is called dissolution. 

By a consecutive process (b), the dissolved molecules may diffuse away 
from the surface into the liquid substrate. The rate of desorption is con- 
trolled by the slower rate of the two processes (a) and (0). 

We have adopted the following working hypothesis: Because of the 
rapidity with which dissolution occurs, the desorption is diffusion-con- 
trolled; the dissolved molecules may then accumulate close to the surface, 
and from the beginning of an experiment an equilibrium could be estab- 
lished between the film and an infinitely thin region of solution immedi- 
ately below the surface. This equilibrium is supposed to be identical to 
the adsorption equilibrium between a solution of concentration ca and an 
adsorption film of the same p and 6 as those of the spread desorbing film 
(the identity of the two kinds of films has been assumed previously (34)). 

The diffusion occurring after dissolution would proceed into the sub- 
strate away from the region of concentration ¢.. 

Kinetics of desorption. Stationary state of desorption (linear part of ad- 
sorption curve (Fig. 16)). According to the above-mentioned working 
hypothesis, the rate of desorption can be constant only if the diffusion 
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proceeds through a calm liquid layer, called “diffusion layer” of mean 
thickness ¢, in which a constant concentration gradient exists. 

We assume therefore that (Fig. 18) a convection current could exist 
beyond the depth e; these currents are thought to carry away the desorbed 
molecules and to maintain in this part of the substrate an infinitely small 
solute concentration, since the substrate volume is very large. 

This hypothesis has led (47) to a law for the variation of the film area 
as a function of time: 


In S = cle — a 


a Seas [8] 
€ € 
where D = diffusion constant of the molecules constituting the desorbing 
monolayer. 

The hypothesis was verified in a simple direct way. The trough contain- 
ing the experimental substrate was heated by a weak lamp. The convection 
current intensity was thus increased without producing any substantial 
change in the temperature of the substrate. 


Frc. 18. Representation of diffusion layer and convection currents. 
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Fira. 19. Influence of liquid movement on desorption of lauric acid; p = 6 dynes/cm. ; 
19.5 - 0.5°C. 
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Fra. 20. Desorption at constant pressure for lauric acid. Variable desorption. 
Substrate: 10-2N HCl; 19.5 + 0.5°C. 


Since « decreases with the increase in the intensity of the convection 
currents, the desorption rate should increase according to relation [8]; 
this increase was in fact observed (Fig. 19). 

Variable rate of desorption (parabolic portion of the desorption curve (Fig. 
16)). During the time interval corresponding to the variable rate of de- 
sorption, the molecules which have desorbed immediately after spread- 
ing of the film will not yet have reached the depth ¢; the concentration 
gradient at the surface will vary as a function of time during the same 
interval. 

After these first desorbed molecules have traveled more than the distance 
¢ the concentration gradient will become constant and the rate of desorp- 
tion will also become constant. 

The theoretical law (47) giving the variation of the film area as a function 
of time will, under these conditions, take the following form: 


nS = In — 2% 4/P Vi = In — 2K 4/2 Vi [9] 


According to this last relation In S is a linear function of ~/¢ (see Fig. 20). 
Influence of the film pressure. The rate of desorption increases with the 
film pressure during the interval studied (2-20 dynes/em.) (Fig. 17). 
The desorption intensity is defined either by ky (slope of the tangent at 
the origin of the curves represented in Fig. 20) for the variable rate of 
desorption or by k, (slope of the linear portion, Fig. 16) for the constant 
rate of desorption. According to relations [8] and [9]: 


ie NE) Ve 
“is 


, [10] 
hi, = Ka 
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where K, is a function of the film pressure only (D and ¢ being constant). 
The relations [10] could be experimentally verified, since the rates k, and 
kp are proportional to Ka (Figs. 21 and 22). The slope of the straight line 
shown on Fig. 21 is proportional to D. The value of D = 7.4 X 10-* cm.?/ 
sec. was obtained at 19.5°C, This result is satisfactory in view of the re- 
sults obtained by other methods (see Table IJ). 

The value of ¢ can now be calculated from the slope of the line repre- 
senting k, as a function of Ka. It is found to be 1.2 mm. 

Several authors have assumed the existence of a diffusion layer in the 
case of heterogeneous physical processes (27, 29, 35, 41). 

The values calculated for « by these authors are generally lower, since 
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Fra. 21. Variation ofthe desorption rate as a function of desorption ratio for lauric 
acid at, 19.5°C. Variable state of desorption. 
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Fia. 22. Variation of the desorption rate as a function of the desorption ratio for 
lauric acid at 19.5°C. Stationary rate of desorption. 
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the experiments were carried out in such a manner that the liquid phase 
was strongly stirred. When the stirring of the liquid was caused by con- 
vection currents (29) only, the calculated « value (0.5 mm.) is of the same 
order of magnitude as the one found by the present method. 

Experimental evidence for the existence of a diffusion layer and of convection 
currents. According to Benard (26) the convection currents are made visible 
by the motion of aluminum particles in a water suspension. 

A suspension of this type was placed in an optical cell, which was illumi- 
nated along a vertical direction and examined along a horizontal plane. 

When a monolayer of myristic acid is spread at the surface of the aqueous 
suspension, the aluminum particles leave the surface region and migrate 
beyond a depth « = 0.5 mm. (Fig. 23). 

According to Benard, the interpretation of this experiment is the follow- 
ing: the convection currents of the substrate stop at a depth of 0.5 mm., 
which corresponds approximately to the thickness of the diffusion layer 
determined by means of desorption measurements (e = 1.2 mm.). 

Moroever, this experiment confirms the views of Landt and Volmer (33) 
and of Merigoux (38), who assumed that owing to the friction which may 
exist between a film and the liquid substrate, there will be no movement 
near the surface of the liquid. 

The layer « disappears when the suspension is stirred but reappears 
again after a few minutes and will then persist for several hours. 

Desorption of myristic acid (47). It was found that myristic acid mono- 
layers, which are considered to be stable, desorb very slowly; the desorp- 
tion curves (Fig. 24) for these films are of the same form as those found 
for lauric acid. 

It was therefore concluded that: 


TABLE II 
Values of Diffusion Constants by Various Methods 
Authors D X 108 cm?/sec. ?CC2) Substances 
McBain et al. (37) 8.1 250 K Laurate 
Lamm et al. (32) 7.5 20 Na Laurate 
This work 7.4 19 Laurie acid 
Cale. (Einstein relation) (30) 5.8 19 Lauric acid 
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Fie. 23. Apparatus for examining diffusion layer. 
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Fic. 24. Desorption at constant pressure for myristic acid. Substrate : 
10-°-N HCl ~ 20°C. 
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Fira. 25. Desorption at constant area for lauric acid; ® calculated; — experimental. 


The desorption of myristic acid may also be diffusion-controlled, the 
diffusion proceeding inside a diffusion layer. 

The concentration of the region of substrate immediately below the 
film may then have the equilibrium value c, . 

(B) Desorption at Constant Area (44, 47). This study was carried out 
by means of the surface manometer, for lauric acid spread on 10-2N HCl. 
The film is spread and then compressed to a given area. The decrease of 
pressure as a function of time (Fig. 25) is recorded. In this case ca, the 
concentration in the liquid layer immediately below the film, is also vari- 
able. It was shown that, provided these variations are very small during an 
experiment, the rate of diffusion at the surface can be written: 

_ BLEOYD - aie 


dt J mt Wy era 
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This equation, when integrated and transformed, leads to the relation 
Ca — 
—In*=CvVt or In 2 = —C' ft, [11] 
Co Po 
which forms the basis of the extrapolation method shown in Fig. 9. 


CoNCLUSION 


The study of the behavior of spread oxyhemoglobin has shown that in 
definite substrate conditions the molecular weight of this spread substance 
(as for other proteins) may be close to that of the native protein in solu- 
tion. 

The measuring of surface potential for spread heterogeneous films of 
myristic acid has shown that the electrode interferes with the film below. 
It was found that the surface potentials of very dilute films of fatty acids 
spread on distilled water are negative and tend to a negligible value when 
the substrate pH decreases. 

The study of the desorption of films maintained under constant pressure 
has shown that the desorption of the fatty acid molecules (lauric and 
myristic acids) may be diffusion-controlled; the diffusion proceeds through 
a layer immediately below the film, this layer being of macroscopic thick- 
ness. During desorption, an extremely thin layer of substrate adjacent 
to the film has the concentration ca , which is that of a solution in equilib- 
rium with an adsorbed film which is identical with the spread film. 

Theoretical laws were proposed in agreement with the above-mentioned 
mechanism. The experimental verifications of these laws were found to be 
satisfactory: the variation of the film area at constant pressure as a func- 
tion of time could be predicted and the correct value of the diffusion con- 
stant was calculated. It appears therefore that in this case the possibly 
existing potential barrier to desorption would have to be very low.* It 
was therefore assumed that the stability of the spread monolayers of 
certain fatty acids may be due to a very low rate of desorption. 


The author wishes to express her thanks to Dr. H. A. Zutrauen for his assistance 
in translating this paper. 
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INTRODUCTION 


In order to overcome the problem of foaming in steam boilers several 
types of chemical compounds have been developed in recent years, one 
large group of such compounds being broadly classed as polyamides (1, 2). 
Compared with materials previously used, such as castor oil, they are 
substantially superior in stability and effectiveness, the amounts required 
being only of the order of a few p.p.m. 

A number of theories of their mode of action have been put forward, 
based largely on laboratory boiler tests (1, 2), although a few surface 
studies have been reported (3). An examination of these theories in the 
light of general surface phenomena made it appear that certain aspects at 
least were open to question. The present investigation of the film-forming 
properties of a number of these polyamides was therefore undertaken, and 
the results certainly substantiate these earlier doubts. Some new sugges- 
tions are advanced based on the present findings, but it is clear that much 
further work needs to be done before the basic physicochemical phenomena 
involved in the activity of these antifoams can be established on a firm 
basis. 


EXPERIMENTAL 
Two series of compounds have been investigated, namely, the diacylated 
C, Hy 
piperazines C,Hon4i1CON NCOC, Hens: with n = 11,13, 15,17, and 
Cr Hy, 


the diethylene triamines R-CO-NH(CHp)2: NH(CH2)2:NH-CO-R with 
R = 15 and 17 (both the stearyl and oley] derivatives in the latter case), 
These compounds were kindly donated to us by the late Dr. A. L. Jacoby, 
and full.analytical data have been given in his earlier publications (2, 3). 
Monolayers were spread from solution in. benzene containing about 2% 
ethyl acetate to assist spreading. In some cases addition of up to 10% 
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chloroform was necessary to effect solution. Surface pressure (II) vs. area 
(A) curves were usually obtained on a simple type of film balance (4) with 
a hanging mica strip instead of the horizontal float. This apparatus gave 
an accuracy of ca. 0.1 dyne/cm. At the higher temperatures some measure- 
ments were made with a du Noty surface tension apparatus. Surface 
potentials (AV) were measured in the usual manner with an ionizing air 
electrode (5), the surface viscosity and rigidity being assessed quali- 
tatively by blowing talcum powder on the surface. Surface moments 
(uw) were calculated by means of the usual equation AV = 4my/A. Equi- 
librium spreading pressures (IIs) were obtained by spreading a few crystals 
on the previously cleaned surface and measuring the change in surface 
tension either with the hanging plate or du Noiiy apparatus. 


RESULTS 


The results for the spread monolayers of the various piperazines are 
given in Figs. 1-3. Figure 1 shows the variation in the I-A, AV-A and 
y-A relationship with chain length, Fig. 2 the variation with temperature 
for the dimyristyl compound. The results in Fig. 2 were obtained by the 
hanging plate method except for those at 72°C., which were obtained 
from the du Noiiy apparatus. The effect of acidity was examined with 
several compounds with extremely similar results, those for the dimyristyl 
compound being given in Fig. 3. 
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Fig. 1. 0-A, AV-A, and w-A curves for the various piperazines on 0.01 N HCl. 
(1) I-A for distearyl, dipalmityl, and dimyristyl compounds (mean value). 


(2) 11-A for dilauryl compound. 
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Fia. 2. 0-A curves for dimyristyl piperazine on 0.01 N HCl at various temperatures. 
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I-A curves for dimyristy] piperazine at various acidities at room temperatures. 
(1) 0.01 N HCl. 
(2) 0.1 N HCl. 
(3) N HCl. 
(4) 5.38 N HCl. 


(6) 10.6 N HCl. 
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Fic. 4. -A curves for distearyl and dioleyl diethylene triamines on 0.01 V and 5.3 N 
HCl at room temperatures. 
(1) Distearyl compound (0.01 N HCl). 
(2) Distearyl compound (5.3 N HC)). 
(3) Dioleyl compound (0.01 N HCl.) 
(4) Dioleyl compound (5.3 N HCl). 
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Fra. 5. 1-A curves for dipalmityl diethylene triamine on 0.01 N HCl at various 
temperatures. 
(1) 13.8°C. 
(2) 32.0°C. 
(3) 45.0°C. 
(4) 55.0°C. 
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Fie. 6. Equilibrium spreading pressures (Ig) as a function of temperature for two 
piperazines and two triamines. 

Dioleyl diethylene triamine. 

Distearyl diethylene triamine. 

Dimyristyl piperazine. 

Distearyl piperazine. 
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Figures 4 and 5 show the results for the monolayers of the triamines. 

The results for the equilibrium spreading pressures (IIs) at various 
temperatures are given in Fig. 6, two piperazines (dimyristyl and di- 
stearyl) and two triamines (dioley] and distearyl) being chosen for this 
purpose. 


DIscUSSION 


Before considering the mechanism of antifoam action it is necessary to 
consider the results for the spread monolayers, in order to determine, as 
far as possible, the molecular configuration at the air/water interface. 


1. The Structure of the Spread Monolayers 


At room temperature (18.5-20.5°C.) all the piperazines gave mono- 
layers of the liquid expanded type, quite fluid at all areas. This behavior 
shows at once that appreciable hydrogen bonding between the head groups 
is absent (6), which is not surprising in view of their chemical nature. The 
expansion on strong acids is again not unexpected, being shown by com- 
pounds such as ethers and acids (Fs 

At the cohering point of the monolayer the configuration of the head 
group is probably as shown below: 
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(a) Head group in elevation (i.e., viewed parallel to surface) 
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(b) Head group in plan (i.e., viewed perpendicular to surface) 

Calculations from a scale drawing of the structure, on the assumption 
of planar nitrogen and with covalent and van der Waals’ radii as given 
by Pauling (8), gave about 75 A2 as the area of the head group including 
the first few CH» groups (the remaining part of the chain could, if neces- 
sary, fold back inside the area of the ring). This value is clearly very 
much less than the experimental limiting area of about 120 A.2—a be- 
havior which is typical of liquid expanded films in general. 

The results for the surface moment (u) show that at areas below about 
100 A2 some head-group reorientation is occurring, but it does not seem 
possible to relate this to any specific change such as a tilting of the head 
group by rotation around the N—C bonds. 

At the higher temperatures the piperazines give gaseous films, in the 
case of the dimyristyl compound, for example, the results at 72°C. obey- 
ing the equation II(A-31) = 508, this being the well-known equation of 
state for an imperfect gaseous film. 

The monolayers given by the triamines are seen to differ considerably 
from those of the piperazines. At room temperature the dioleyl compound 
gives a typical liquid expanded film with cohering area of about 110 A.’. 
The distearyl compound, on the other hand, gives a very rigid solid film, 
with an extrapolated area at zero compression of about 40 A.2. Such a 
difference between a saturated and its cis mono-unsaturated relative has 
been noted in many other systems. The behavior of the distearyl com- 
pound strongly suggests ce hydrogen bonding between the head 


groups, probably through the aaa and H—N _ groups. (The observed 


tendency for the dilute benzene solutions to form gels probably arises 
from the same cause.) 


Calculation from a scale model (Catalin Molecular Models) showed 
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that the head groups, if fully extended parallel to the surface, would oc- 
cupy about 65 A.’, so that with the distearyl compound the orientation of 
the head group must be substantially different. However, examination of 
the model showed that, by suitable rotation, the head group can be folded 
up in such a manner as to fit almost exactly into the area of the two paraffin 
chains (i.e., ca 40 A.?). 

The two important features of the high-temperature results are the 
physical nature of the films and the magnitude of the equilibrium spread- 
ing pressures. The fluid nature even of the distearyl triamine at tempera- 
tures near the boiling point of water shows that the tendency for head 
group hydrogen bonding is largely broken down by thermal agitation 
under such conditions. The magnitude of the equilibrium spreading pres- 
sures at the high temperatures should be noted and also their variation 
with the chemical nature of the head group and comparative independence 
of chain length and unsaturation (see Fig. 6). 


2. The Mechanism of Antifoam Action 


The bearing of the present results upon the mechanism of antifoam 
action can now be considered. The theory suggested by Jacoby and 
Thompson for compounds of the polyamide type is summarized by them 
as follows (9); ‘In the presence of an adsorbed layer of surface-active 
insoluble material, the collapse of a foam bubble may be accompanied by 
a syneresis (10) or formation in the adsorption layers of dehydrated aggre- 
gates of the surface-active material. It has been observed that certain 
monolayers, although they may actually stabilize the bubble film while 
they are in the liquid state, lose this ability at once when the solid (brittle) 
state is attained (10). This indicates that one of the conditions for stabiliza- 
tion is the great mobility of the molecules of the adsorption layers, and if 
this mobility is lost by attainment of the solid state, the adsorption layers 
may contribute to the rupture of the bubble film. It is likely that the 
syneresis described above results essentially in the formation of patches of 
monolayer in the brittle state which are incapable of redispersion at a 
rate equal to or greater than the velocity of destruction of the bubble 
film.” “The theory of antifoam action referred to above suggests that 
hydrogen bonding promotes antifoam action by enhancing the syneretic 
effect and creating a greater tendency for the monolayer to reach the 
solid or brittle state, as shown by Alexander (11).” 

The monolayer results obtained in the present investigations, in par- 
ticular the fluidity and the expanded nature of all films at the higher 
temperatures, makes the above explanation improbable. The fact that 
the melting point of all the compounds lies well below the operating 
temperatures of normal commercial boilers provides additional support 


to this argument. 
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A tentative alternate theory is advanced below but much further work 
on surface behavior at high temperatures will be necessary before any 
finality is likely to be reached. 

The important factors in promoting antifoam action are believed to be: 

a). A high insolubility in water at the normal operating temperatures 
(i.e., > 100°C. and usually much higher). 

b). A moderate degree of surface activity at the steam/water interface. 

c). The ability to form fluid films at the steam/water interface (i.e., at 
the high temperatures existing in boilers). 

d). A low tendency for adsorption on the suspended particles in the 
boiler as well as on the heating surfaces. 

e). High chemical stability in the boiler. 

Of these factor (e) is obvious and will not be considered further. 

The possession of high insolubility (as judged by monolayer standards 
which are of course quite different from bulk solubility standards) ensures 
that the antifoam is virtually entirely concentrated in the region where it 
is most essential, i.e., at the free steam/foam surface. This would arise 
from the steam bubbles’ coming into contact with the colloidal particles of 
antifoam (the antifoam is usually added in dioxane solution to the feed- 
water), resulting in some surface spreading and subsequent transport to 
the uppermost foam surface. 

The surface spreading due to the lowering of the steam/water interfacial 
tension could have a number of effects, although their relative importance 
is hard to assess at this stage. A moderate degree of surface activity (say, 
ca. 20 dynes/em.) would probably suffice to displace most solid suspended 
particles from the interface (unless they were unusually hydrophobic), 
and it would appear that such interfacial particles are one of the major 
factors in promoting excessive foaming in boilers. Further, the lowering 
in surface tension would damp out violent movements at the surface 
when the bubble collapses, and would also assist draining by allowing 
easier deformation of two bubbles in close contact. A low tendency for 
adsorption on the suspended particles is essential to keep them as hydro- 
philic as possible. Reactive soluble molecules, such as fatty acids present 
in oily contamination, would tend to make such particles hydrophobic 
and thus to increase their tendency to concentrate at the foam surface. 


SUMMARY 


The surface behavior at the air/water interface of a number of paraffin- 
chain compounds used as antifoams in steam boilers has been studied. 
The compounds were chiefly diacylated piperazines (Cu, Cis, Cis, and 
Cy7), together with dipalmityl, distearyl, and dioleyl diethylene triamines. 
The effects of acidity of the substrate and temperature were examined 
using spread monolayers, and in addition equilibrium spreading pres- 


SOME SURFACE STUDIES OF ANTIFOAMS 427 


sures were measured at higher temperatures (up to 95°C.). The results 
show that certain aspects of current theories of antifoam action need 
correction and some alternative suggestions are advanced. 
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ABSTRACT 


Potato starch can be fractionated into its branched and unbranched components 
by the centrifugation of dispersions of undamaged granules in dilute alkali. The 
branched component, amylopectin, appears to be completely insoluble in this me- 
dium, and the unbranched component, amylose, completely soluble. There is no 
evidence to suggest that covalent bonds exist in the granule between amylose and 
amylopectin. The separation of the components by centrifugation is shown to be very 
efficient because of the exclusion of amylose from the sediment of highly swollen 
amylopectin particles. If the volume occupied by the sediment is used in conjunction 
with Einstein’s theory for spheres to calculate the intrinsic viscosity of the amylo- 
pectin, a value of 2.9 is obtained compared with a measured value of 2.2. Amylose is 
found to have an intrinsic viscosity of 5.5, and the sum of the weighted values of the 
intrinsic viscosities of the separated components is found to equal that of whole 
starch. 


INTRODUCTION 


Owing to their size and nature, the molecules of starch are very sensitive 
to oxidation and hydrolysis. But starch occurs in its native form as com- 
pact resistant granules which must be “dispersed”? before chemical or 
physical examination is possible. There is always the possibility, therefore, 
that changes have occurred during this essential preliminary of dispersion, 
and that the observed properties of starch are not exactly those of native 
starch. The broad features of the chemical structure of starch can hardly 
be affected by these considerations, nor can the repeatedly confirmed ob- 
servation that most varieties of starch consist of two distinct components, 
amylose and amylopectin, one of which is a linear and the other a branched 
polysaccharide. 

The properties most likely to be affected during dispersion of the starch 
are the molecular size of the components, and their content of “anom- 
alous” groups, the term used for groups which appear to be present in 
minute amount but which exert a disproportionate effect on the course of 
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enzyme action on the components. Confirmation that treatment with 
oxygen can introduce anomalies which limit the extent of the phosphoro- 
lysis of amylose has recently been obtained (1). 

Evidence is also available of the influence of dispersion and fractionation 
on the molecular weight of amylopectin. Witnauer, Senti, and Stern (2) 
measured the degree of polymerization of potato amylopectin by the 
method of light scattering, and obtained the respective values of 220,000 
and 86,000 for two samples which apparently differed only in the details 
of their preparation. The authors concluded that the difference in size 
could be due to inadvertent chemical degradation. One can deduce from 
the amount of degradation required to reduce the figure of 220,000 to 
86,000, that if only half this amount of degradation had occurred during 
the preparation of the sample having the higher degree of polymerization, 
then the original size of the amylopectin could have been comparable to 
that of the starch granule itself. The upper limit of the molecular size of 
amylopectin is thus undetermined. 

It.is obviously desirable to compare different methods of dispersion and 
fractionation, and in the present paper a method is described which avoids 
conditions that are known to degrade starch. Use is made of the insolubility 
of amylopectin in cold dilute alkali—a fact which was appreciated in the 
early days of starch chemistry (3), but which has been lost sight of in 
the intervening years. 


EXPERIMENTAL 


The method of fractionation will be illustrated by an experiment with 
spring-harvested new potatoes. The potato tissue was blended for 1 min. 
in 1% NaCl solution in an “Atomix” blender, and the blend filtered 
through muslin into a large volume of 1% NaCl solution. The sediment of 
starch was washed by decantation first with 1% NaCl solution and then 
with distilled water. It was stored under distilled water at 2-3°C. 

A slurry of this starch in a little distilled water was poured into NaOH 
solution through which nitrogen was being bubbled, to give 200 ml. of 
a 0.79% dispersion of starch in 0.5 N NaOH. The vessel used as a “dis- 
perser” has been described previously (4). After 30 min. at 15°C., a portion 
of the dispersion was poured into a stainless steel centrifuge tube and the 
tube capped. The tubes held about 43 ml. The rest of the dispersion was 
diluted (in the disperser, with 0.5 N NaOH) to a concentration of 0.53 %, 
and 127.9 ml. removed into three centrifuge tubes. Further dilutions were 
made and then samples taken at concentrations of starch of 0.28 % and 
0.051%. The samples were then centrifuged in a Servall centrifuge (6-in. 
rotor) for 2 hr. at 15,500 r.p.m. (40,000 g). The dispersion separated into 
a water-clear supernatant solution and a sharply delimited opalescent 
gelatinous sediment (occupying half the tube in the case of the 0.53% 
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sample). With little disturbance, 1-ml. samples of the supernatant solu- 
tions were taken at a depth of about 6 ml., for staining with iodine 
by the method of Hassid and McCready (5). The optical density of the 
stain of each supernatant was then compared with that of the corresponding 
whole starch dispersion. Results are given in Table I. 

Only the tubes containing the 0.53% dispersion were proceeded with 
further. From these the bulk of the supernatant solution (A) was with- 
drawn very carefully with a transparent syringe. A small intermediate 
cut (B) was next taken from the region which included the surface of the 
sediment, and made up to 42 ml. with 0.5 N NaOH after being transferred 
to another centrifuge tube. The main sediments (C) were mixed in 
their tubes with more 0.5 N NaOH, and then recentrifuged as before at the 
same time as the intermediate cut. After centrifugation, (B) was separated 
into a supernatant solution (D) and a sediment (EK). The tubes containing 
(C) gave supernatant solutions (F) and sediments (G). The sediments (G) 
were mixed with more NaOH solution and recentrifuged once again to give 
a supernatant solution (H) and a sediment (I). 

Sediment (I), which contained the major part of the amylopectin, was 
diluted with water to 100 ml. and brought with 3.5 N acetic acid to pH 5.2. 
When 1.4 vol. of ethanol were added, a sticky aggregate formed which was 
separated by decantation and centrifugation (2000 r.p.m.). No material 
which stained with iodine was left in the solution. The aggregate was 
washed with ethanol-water (1.4:1 by vol.) and then swollen in water. After 
reaggregation with 1.4 vol. of ethanol, the aggregate was washed with the 
same mixture and was by then free of salt. Finally, a homogeneous dis- 
persion of the amylopectin, representing the final product, was formed by 
shaking the aggregate with warm water in a flask containing a small curved 
spatula to break up lumps of gel. The concentration of the dispersion was 
determined by evaporating a portion in the presence of alcohol (which 
prevents the formation of a moisture-retaining “glass’”’), followed by dry- 


TABLE I 
Enrichment Factor of the Supernatant Amylose Solution 


Optical density of 
iodine stain of 


md nis nck 8), cn ene 
Supernatant 
Starch amylose 
dispersion solution 
0.791 3.28 4.10 1.25 2.32 
0.530 2.20 2.31 1.05 1.95 
0.277 1.15 0.90 0.78 1.44 
0.051 0.211 0.123 0.58 1.08 
0.000 0.54* 1.00 


* By extrapolation. 
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ing at 70°C. under high vacuum. The “blue value” (6) of the dispersion 
was determined by heating portions for 3 min. with dilute NaOH, neu- 
tralizing, and staining with iodine (5). Sediment (E) was worked up sim- 
ilarly. 

The supernatant solution (A), which contained most of the amylose, 
was neutralized with N HCl and shaken with t-amyl alcohol (7). Amylose 
precipitated immediately in the cold in a flocculent form. The mixture 
was warmed and cooled and then centrifuged. No iodine-staining material 
could be detected in the supernatant solution, showing that no fractiona- 
tion was occurring at this stage, and that the amyl alcohol was acting 
merely as a convenient precipitant. The precipitate was washed on the 
centrifuge with cold t-amyl alcohol-saturated water until free from salt. 
This precipitate represented the final product of amylose. It was analyzed 
by dissolving it in hot water, from which the amyl alcohol was blown off, 
and staining samples with iodine for the determination of ‘‘blue value.” 
Concentration and yield were determined as for the amylopectin above. 

The supernatants (D), (F), and (H) were neutralized with acetic acid 
and precipitated with t-amyl alcohol. No iodine-staining material remained 
in solution, nor was a further precipitate formed on the addition of 1.4 
vol. of ethanol. The precipitates were too small to be worked up separately 
and were therefore combined. Salt was removed by washing with t-amyl 
alcohol-saturated water, and “blue value” and yield were determined as 
before. 


RESULTS AND DIscussION 


In the experiment above, in which 679 mg. of the starch from new po- 
tatoes was dispersed at a concentration of 0.53 % in 0.5 N NaOH, 99 mg. of 
amylose, of “blue value” 1.23, was recovered from the supernatant solu- 
tion (A). The combined precipitates from supernatant solutions (D), (F), 
and (H) gave 38 mg. of amylose of “blue value” 1.15. Allowing for 3 mg. 
of amylose removed from the supernatant solutions for staining with iodine, 
this yield corresponded to a total of 21% by weight of amylose of an average 
“blue value” of 1.21 in the whole starch. (‘‘Blue values” were measured 
routinely (6) with a Hilger Spekker absorptiometer in conjunction with 
Kodak No. 8 filters. Calibration showed that a “blue value” of 1.21 was 
raised to 1.36 if the optical density of the iodine stain was measured at 
6800 A on a Unicam spectrophotometer.) 

The main amylopectin sediment weighed 508 mg. and had a “blue value’ 
of 0.176. Corresponding figures for the minor sediment were 26 mg. and 
0.200. These amounts together corresponded to a content of 79 % by weight 
of amylopectin of “blue value” 0.177 in the whole starch. Only 5 mg. of 
the original starch remained unaccounted for. 

The volume occupied by the amylopectin and made unavailable to the 
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amylose can be calculated from the dependence of the concentration of the 
amylose in the supernatant solution on the concentration of the disper- 
sion. If all the volume was available to the amylose, the concentration of the 
supernatant solution would rise in direct proportion to that of the disper- 
sion, but in point of fact it rises much more rapidly, as Table I shows. The 
ratio of the optical density of the iodine stain of the supernatant solution 
to that of the dispersion is tabulated there as a function of the concen- 
tration of the dispersion. Extrapolation of this ratio (which proves to be 
a linear function of the concentration) to zero concentration gives the 
value which the ratio would have if no exclusion of the amylose took place. 
The limiting value is 0.54. At a concentration of starch of 0.53 % the value 
of the ratio has risen to 1.05, and the amylose has therefore been concen- 
trated by a factor of 1.95. Therefore, of the 127.9 ml. of dispersion, only 
127.9/1.95 ml., ie., 65.6 ml. could have been available to the amylose. 
Hence, by difference, the volume occupied by the amylopectin was 62.3 
ml. This calculated volume compares well with the observed volume of the 
sediment, which was 66.5 ml. 

If 540 mg. (approx.) of amylopectin occupy 62.3 ml. when swollen in 
0.5 N NaOH, the specific volume of the amylopectin is 115. According to 
the Einstein equation for the intrinsic viscosity of a suspension of spherical 
particles, [n] = 0.025 X specific volume, and, therefore, if the amylopectin 
particles behaved as spheres, the intrinsic viscosity of the amylopectin 
would be 2.9. In fact, the measured value is 2.2 (see below, and also ref. 8). 
Since factors such as free-draining, shape, and anomalous viscosity have 
not been taken into account, only the rough similarity of these figures can 
be pointed out. 

Most of the development work on the method was carried out on starch 
from autumn-harvested King Edward potatoes. Even after the starch had 
been kept under distilled water for six months at 2°C. (without freezing, 
which damages the granules), good yields of amylose of “blue value” 1.1 
and of amylopectin of ‘blue value” 0.16 were obtained, but it is preferable 
to use freshly prepared starch. 

A preliminary study was made of the intrinsic viscosity of the com- 
ponents of this starch. All measurements of viscosity were made in 0.5 N 
NaOH at 20°C. as described previously (4, 8). The starch itself, of “blue 
value” 0.40, had an intrinsic viscosity of 2.85. After centrifugation of a 
0.45% dispersion for 2 hr. at 15,000 r.p.m., the intrinsic viscosity of the 
dispersion, after the components had been remixed, was unchanged, but the 
specific viscosity at 0.225% concentration had fallen from 1.33 to 1.21. 
The amylose in the supernatant solution had an intrinsic viscosity of 5.5, 
and the amylopectin in the sediment, after a second centrifugation in fresh 
0.5 N NaOH as before, a value of 2.2. On the assumption that the frac- 
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tions represent respectively 21% and 79% of whole starch, the weighted 
sum of their viscosities amounts to 2.89, which corresponds closely to the 
measured value of 2.85 for whole starch. The components therefore con- 
tribute independently to the intrinsic viscosity of whole starch. 

A portion of the supernatant amylose solution was brought to pH 7 with 
HCl, left overnight, and then made alkaline again for the measurement of 
intrinsic viscosity. This was found to have remained practically unchanged 
at 5.4. However, when the amylose was heated in the absence of salt in 
neutral solution at 100°C. in nitrogen, its intrinsic viscosity fell to approx- 
imately 4. Heating similarly in 1% NaCl solution brought about a further 
reduction to about 3, in agreement with previous results (8). 

It is not essential to use forces as high as 40,000 g to carry out the frac- 
tionation in alkali. Successful results have been achieved even at 20,000 g. 
At 40,000 g there is a slight depletion of the amylose near the meniscus 
owing to some sedimentation of the amylose itself. 


SUMMARY 


The present results give final support to the earlier view (3) that amylo- 
pectin is insoluble in dilute alkali. Whether this insolubility is conferred by 
covalent bonds, and the amylopectin molecule is comparable in size to the 
starch granule, or whether it is due to aggregation, is not apparent from 
these experiments, but at least it is clear that there are no bonds in the 
starch granule between amylose and amylopectin which resist the action of 
dilute NaOH solution (contrast ref. 9). 

The separation of amylose from amylopectin by centrifugation in dilute 
alkali is surprisingly efficient because amylose is excluded from the sediment 
of swollen amylopectin particles. In a 0.5% dispersion of starch, about 
half the volume is occupied by amylopectin and unavailable to amylose, 
and this leads to an enrichment of the supernatant solution in amylose by 
a factor of two. Calculations based on the swollen volume of the amylo- 
pectin show that the intrinsic viscosity of amylopectin conforms very 
roughly to Einstein’s law, but it would be premature to attempt a more 
exact comparison. The intrinsic viscosities of the two components appear 
to be additive in dispersions of whole starch. If “alkali-fractionated”’ 
amylose is heated in water or salt solution, its intrinsic viscosity falls from 
the high value of 5.5 to values obtained previously (8) for amylose prepared 
by fractionation in neutral solution. 
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ABSTRACT 


The deviation of the deposition ratio from unity in Blodgett and Langmuir’s 
building-up process is discussed. The loosening up of the crystalline array in films, 
compared to the substance in bulk, is considered in the light of certain melting point 
phenomena. There is a difference in principle between the permeability of mem- 
branes and the penetrability of molecular layers. Several examples for the latter 
phenomenon are given. A hypothesis is proposed for the phenomena of penetration 
and skeletonization. Substances in molecular layers exist in an exceedingly dynamic 
state. 


INTRODUCTION 


The building-up technique, developed by Blodgett and Langmuir, leads 
to the deposition of mixed films, consisting of fatty acids and of their salts 
with bivalent metals. Any explanation of the reactivity and penetrability 
of built-up films presupposes a working hypothesis that answers the ques- 
tion of the arrangement of the two different molecular species in the film. 

The deposition ratio of built-up films, i.e., the quotient “area of H-lay- 
ers/area of AB-layers” approaches unity (1), but the most precise measure- 
ments yield a ratio of 0.96. The built-up film appears to be stretched out 
by ca. 4%. The forces which hold the molecules in place in an H-film are 
threefold: the van der Waals’ forces between the aliphatic chains, the inter- 
action of the polar groups with the “gegenions” accumulating in the hypo- 
phase near the boundary (2), and the external lateral pressure or “push.” 
Upon building-up the third factor disappears and leaves the cohesion of the 
film to the van der Waals’ forces and to the anchoring of the polar groups 
on the metal surface. 

A likely explanation for the deviation of the value of the deposition ratio 
from unity would be a greater slanting angle of the stearic acid molecules 
upon deposition. The increase in area per molecule of about 4% would 
correspond to an increase by the same percentage of the cosine of the angle 
formed between the molecules and the horizon and to a corresponding de- 
crease of the angle itself. Even in the original H-film this angle is less than 
90 % and seems to be a function of the length of the carbon chain and of the 
disposition of the cations at the base of the film. 
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Depending upon the pH of the hypophase, larger or smaller proportions 
of the fatty acid molecules are neutralized; in other words the higher the 
pH of the hypophase, the higher the content of bivalent metal in the film 
(3). We are working on the confirmation by radioactive techniques of the 
analytical data of Langmuir and Schaefer. The quantity and size of the 
metalion exert a perceptible influence on the overall height and the cross 
section of the individual molecules. The evaluation of this effect is not 
simple, especially in respect to the interferometric determination of the 
thickness, which requires exact data for the refractive index and density of 
these soaps. 

For our present purpose, especially as we are not concerned with absolute 
values of film thickness, we accept the assumption that the influence of the 
metalions on refractive index and density may be neglected. 

Since we are dealing with mixed layers, consisting of metal stearate and 
stearic acid, the next question arises as to the regularity of the arrangement. 
Blodgett found that the thickness of such mixed films decreases when they 
are exposed for a few seconds to an organic solvent such as benzene. The 
decrease is expressed in a “lowering” of the interference colors of the first 
order. Treatment of the film at this stage with a drop of hexadecane will 
restore the original colors. The explanation of this phenomenon is as fol- 
lows: the benzene had removed free acid from the film, leaving behind a 
skeleton of the barium soap. This skeletonized film is then refilled with the 
hydrocarbon of practically identical refractive index. One important con- 
dition for this experiment is that at least two-thirds of the stearic acid 
molecules exist as barium soaps. If we contemplate the hexagonal array of 
a layer, it becomes obvious that a stable skeleton will be obtained only if 
the holes left by the free stearic acid molecules, upon removal, form a regular 
pattern with no two positions contiguous to one another. Thus, the skeleton 
will assume the pattern of an empty beehive. Figure 1 shows a possible plan 
for this arrangement. 

The measured thickness of fatty acid monolayers is in good agreement 
with the assumption that they form a zigzag line within a plane and are 
more or less slanted against the surface normal. The van der Waals’ forces 


Fig. 1. Hexagonal array of stearic acid-barium stearate layer. Solid dots signify 
barium ions, open circles hydrogen ions. 
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increase with the length of the chain and, thus, the molecules become more 
“crowded” and their cross section attains lower values, about 10-15% 
smaller, for higher acids such as lignoceric acid with a chain of 24 carbon 
atoms. 

At this pot, we must mention an observation which at first sight seems 
puzzling but which offers what seems to be the true explanation for the 
deposition coefficient 0.96, discussed above. The interferometric measure- 
ment of multilayer films gives values for their thickness which, divided by 
the number of dippings, yields a thickness per double layer of 48.35 A. The 
same films, when studied by X-ray crystallographic methods, yield a perio- 
dicity of 50.1 A. between subsequent layers of barium ions—a discrepancy 
far out of the reach of experimental error (4). It appears that the built-up 
layers contain holes aggregating 4% of the total surface and that these 
defects accumulate so that the second layer may fill up the holes of the first 
layer, but in itself carry 8% holes and so forth. After the deposition of 25 
layers, one layer will have disappeared by filling up the holes in the other 
24 layers. Thus, a count of 25 layers by dipping yields only 24 actual layers. 
This hypothesis finds support in the observation that the smoothness of the 
building-up process shows periodic fluctuations; it runs smooth at the be- 
ginning, becomes rougher and requires slowing-up in the up-and-down 
movement by the time 10—15 layers are deposited, and resumes its smooth- 
ness around 25 layers. 

As had ‘been mentioned before, X-ray diffraction pictures of built-up 
monolayers of stearic acid show hexagonal configuration, whereas stearic 
acid in bulk crystallizes in the rhombic system, which is about 10% more 
densely packed. The acid in bulk has a transition point from the rhombic 
to the hexagonal system a few degrees below its melting point. This evidence 
indicates the lesser cohesion in the two-dimensional state and may inci- 
dentally explain its greater penetrability. As we have shown (5), films of 
fatty acids are ripped off under certain conditions by dilute solutions of 
serum albumin. In the course of these studies we have found that above a 
certain temperature, characteristic for each acid, the “ripping-off reaction” 
becomes nonspecific and proceeds in the absence of albumin with pure 
buffer solution. This loosening up of the two-dimensional array occurs with 
palmitic acid 30° C. below its melting point, with stearic acid 25° C. below 
its melting point, and with arachidic acid less than 20° C. below its melting 
point in the bulk phase. This observation points to the increasing share of 
the van der Waals’ forces with lengthening of the chain. 

By the same token, terminally branched fatty acids become opaque soon 
after deposition and display extreme volatility more than 40° C. below 
their melting point in bulk. Some of them, the neo-acids, form only opaque 
films right upon deposition, betraying their inability to fit the terminal 
tertiary butyl groups into a crystalline array (6). 
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The question of melting point of thin films has been studied by G. Karagounis 
(7) in Zurich from quite a different angle. Karagounis was interested in a method for 
the determination of the total surface of finely divided powders. Wilhelm Ostwald 
had observed that, when spread sufficiently thin, salol was taken up by quartz powder 
in such a manner that it did not elicit crystallization of melted and undercooled salol. 
He assumed that the salol layer on quartz was amorphous. 

Karagounis tried to determine the minimum or critical coverage (‘‘Belegungs- 
dichte’? = Bc) necessary to render the salol-covered powder effective as a seed for 
the undercooled melt. The critical coverage is determined by preparing samples of 
the powder, say, of a metal or of a metal oxide salt, with various quantities of the 
covering substance, applied under certain precautions from ether solution. The 
critical coverage seems to be reached when a coherent monomolecular layer is com- 
pleted and when the formation of a second layer starts, in other words, when a three- 
dimensional array begins to form. The specific surface 


Be 
Fg =< Dt ) 
where d is the density and D,, the minimal thickness of the layer. At this critical point 
many of the properties of the powder change rather abruptly. Below this point the 
characteristics hardly differ from those of the pure powder; above, it has a fatty or, 
if crystalline, a sandy touch. Below the critical coverage the powder, say, aluminum 
oxide or a metal, is hydrophilic; when placed on water it is wetted and sinks. Above 
the critical coverage the powder is as hydrophobic as the covering substance, say, 
salol or p-chlorophenol, and floats. The electric resistance of the powder also sharply 
increases at this point. This reminds one of the electrophoretic properties of glass 
powders or plastics which, when completely covered by a layer of protein, behave 
exactly like the protein itself. 

In the course of these experiments, Karagounis observed a phenomenon which he 
interprets as a lowering of the melting point in thin layers, and it is for this reason 
that his work is discussed here in a little more detail. Samples of the metal or oxide 
powder are covered with given amounts of a low-melting organic substance such as 
salol or naphthylamine or ethylanthracene. All of them show, when carefully puri- 
fied, a great tendency to form undercooled melts at room temperature. The samples, 
when kept at room temperature or below, act as seeds in the undercooled bulk phase 
of the substance. Samples of the coated metal powder were then heated to various 
temperatures and tested for their seeding ability. Those heated above a certain 
temperature—which is reproducible within 1°-2°—seemed to have melted, because 
they did not function as seeds, when brought back to room temperature. 

The value of this ‘‘melting point” of a thin layer depends on its thickness. The 
dependence of this melting point depression on both the nature of the compound and 
the nature of the powder is interpreted by Karagounis as an effect of the 7-electrons 
in the molecules of the compound: the more z-electrons, the greater the melting 
point depression under comparable conditions. It is assumed that the z-electrons 
are absorbed by the metallic hypophase into its electropositive ‘‘holes’’ and that 
thus, the cohesion of the layer decreases. This was tested with ethylanthracene an 
silver-tin alloys. The number of unoccupied spaces in the pure metals is substantially 
higher than in the various alloy phases. A minimum of electropositive holes is found 
in the y-alloy (73 silver: 27 tin) which also shows a minimum of electrical conduc- 
tivity. The melting point curve shows the effect of ethylanthracene on the melting 
point depression, which decreases from 30°C. on the pure metals to 18°C. on the alloy. 
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In the case of melting point depressions and lowering of cohesion in fatty 
acid films, observed by Beischer (8) and by ourselves (5), we can safely 
exclude the z-electron hypothesis. It must be mentioned that Karagounis 
himself emphasizes that his conclusions may not be applied to all systems. 
Cases in point are the melting point depression of naphthylamine on lead 
sulfide and of p-cresol on sodium chloride, in which cases smaller but 
definite effects of the same nature were observed. Unfortunately, those 
compounds which lend themselves to spreading and building-up of monomo- 
lecular layers, lack in general the tendency to form undercooled melts. 
Nevertheless, it will be of interest to study the effect of the chemical nature 
of the underlying plate upon the melting behavior of fatty acid films. 

Whatever the ultimate causes of the loosening up of matter in the two- 
dimensional as compared to the three-dimensional state, it gives rise to two 
phenomena, which seem to be typical for this state of matter. The one is the 
turning around of molecules without disturbance of the general lineup in 
which they are found. 

Under certain conditions, fatty acids and also sterols, when subject to the 
Blodgett building-up process, build up on the downtrip of the plate only 
and not on the uptrip; in other words, they form a so-called ‘‘X-film”’ con- 
sisting of AAAA---- instead of ABABAB---- layers. Porter (9) studied 
potentials across built-up stearic acid slides and found that in Y-films the 
potentials of the alternating A- and B-layers cancel one another. On the 
other hand, potentials up to 6 and 8 volts are built up in X-films with a 
sequence of 100-200 A-layers. These X-films seem to represent a metastable 
state, higher in energy than Y-films, and spontaneous drops of the poten- 
tials to practically zero were observed during these measurements. 

The same turning around of alternate sheets or layers was observed in 
X-ray diffraction studies, when X-films, which were expected to yield a 
distance of 25 A. between the barium ions, invariably yielded twice this 
distance and proved identical with Y-films, into which they had aan con- 
verted by the irradiation (8). 

It has been shown by Langmuir on molecular models that they may turn 
around 180° along their longitudinal axis without requiring any additional 
elbow space at the turning point. In fact, two adjacent chains may turn 
around by a ring-around-the-rosy movement without any lateral disturb- 
ance. Although the “how” of this turning around reaction is perfectly 
within the realm of geometric possibility, its “why,” the energetics of the 
reaction, still forms.a major puzzle. 


Penetrability 


In the description of the properties of monomolecular films it has become 
apparent that the forces of cohesion in this state of matter are smaller than 
one would venture to predict by extrapolation from the three-dimensional 
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state, where molecules, vicinal in the third dimension, contribute cohesional 
forces. We use purposely the term penetrability for monolayers, in order to 
distinguish the phenomenon from that of permeability, applicable to mem- 
branes. In the latter, whether of biological origin or of synthetic nature, 
permeability depends on the number, size, and electrical charges of their 
pores. We suggest that the penetrability of mono- and oligomolecular films 
be due not to pores or fortuitous defects in predetermined sites but to the 
continuous opening and closing of their molecular array in the course of 
their thermic motion. 

Rothen had carried out, about 10 years ago, a series of experiments where 
systems of antigens and antibodies and of enzymes and substrates were 
operative across blankets up to 250 A. thick, consisting of stearic acid 
layers or also of equally thick Formvar layers. He attributed these effects 
to long-range forces, but it was subsequently demonstrated by Trurnit (10) 
and by Singer (11) that his experimental results could be explained by the 
bodily penetration of one partner of the system across the blanket. 

We had previously noticed a phenomenon which could only be explained 
by bodily penetration (1). The oleophilic or oleophobic, the hydrophilic or 
hydrophobic, character of films, a characteristic of considerable interest in 
two-dimensional chemistry, may be determined by the measurement of the 
contact angles of droplets of the respective liquids placed on a Blodgett 
slide. We found that the surface of mono- or multilayers of steric acid shows 
a contact angle of about 80° with water, i.e., the surface is strongly hydro- 
phobic. On the other hand, a drop of water placed on a monolayer of a 
protein film, e.g., a built-up film of serum albumin, will spread with a con- 
tact angle of zero. If a double layer of stearic acid is superimposed on a film 
of albumin, the contact angle with water will be around 40° and only upon 
additional superimposition of a few double layers of stearic acid will this 
value reach 80°-81°, the value for pure stearic acid films. 

Another phenomenon of similar nature, which defies explanation by long- 
range forces, was observed with isostearic acid, an isomer of normal stearic 
acid, terminating in an isopropyl group (6). This acid may be built-up to 
form optically clear films, resembling stearic acid in appearance, but of 
slightly lower thickness. However, in contrast to the normal acid, which 
preserves its optical perfection and the depth of its interference colors for 
more than 15 years at New York room temperatures, the isoacid films be- 
come opaque over night and, if not kept at 0° C. but at room temperature, 
rapidly lose their thickness as seen by the interference colors. Clearly, the 
molecules of both acids are subject to thermic oscillations, both in the direc- 
tion of the chain and in a circular manner. In the case of the normal chain 
the van der Waals’ forces will pull the molecule back into its equilibrium 
position. Contrariwise, in the case of the isostearic acid, some molecules will 
first move upwards and subsequently perform a circular motion, which will 
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make it impossible for the molecule to be drawn back into the film; hence, 
the molecule will eventually work itself upwards against a continuously 
decreasing cohesive force and will end up lying on the surface of the film. 
Since this surface is oleophobic and altogether poor in energy, the isostearic 
acid molecules will sublimate with astounding velocity. This phenomenon 
is confined to the free acids, whilst the barium soaps remain behind; thus, 
a skeletonized film will eventually result. If a Y-film of isostearic acid is 
immediately covered with a Y-film of 6 to 10 layers of normal stearic acid, 
sublimation of the isostearic acid proceeds at practically the same rate as 
from a free isostearic acid film. The isostearic acid has penetrated 10 layers 
of n-stearic acid at a speed exceeding its rate of sublimation. 

All these phenomena, taken together, teach us that monomolecular and 
oligomolecular films exist in a most dynamic state, in which the molecules 
continuously exchange place. Whether they do this by squeezing through 
superimposed layers or by a turning-over mechanism in the manner of a 
turnstile, or by a combination of both, remains an interesting subject for 
investigation. 


Skeletonization 


The removal of fatty acids by organic solvents from mixtures with their 
metal salts in surface films has been mentioned previously. Similarly, albu- 
min was found (5) to remove the free fatty acid only, leaving behind a 
skeleton of the barium salt. This situation does not affect the quantitative 
measurement of the decrease, since the optical measurement is based on the 
refractive index of the layer, which is an additive property. That the films 
are skeletonized may be proved by refilling with water. The interference 
colors of films, refilled with water, are of course slightly “lower” because of 
the lower refractive index of water. 

Stearic acid molecules not only penetrate through superimposed layers 
of the stearic acid-barium stearate mixture, but they pass without any evi- 
dent encumbrance through as many as 14 layers (250 A.) of cholesterol, 
when exposed to the albumin solution. Moreover, a film, thus skeletonized, 
may be refilled with water molecules penetrating again—this time in the 
opposite direction—through the cholesterol blanket. 


DIscUSSION 
Kinetics 


We propose the following mechanism for skeletonization. The molecules 
of the organic solvent or of albumin undergo a number of collisions with 
the surface of the built-up film. These collisions are defined as effective if 
they result in the removal of a molecule of fatty acid from the top layer. 
The holes thus created in the top layer are instantaneously distributed 
throughout the film or, in other words, fatty acid molecules from the lower 
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layers migrate upwards until the holes are evenly dispersed throughout 
the film. But this equilibrium is continuously disturbed by the removal of 
molecules from the top layer. Thus, the reaction rate decreases more slowly 
than it would in a monomolecular reaction, since the decrease of removable 
molecules is partly compensated by the migration from beneath. The free 
acid which is the only removable species in these reactions, comprises in our 
case about one-third to one-fourth of the film; hence the apparent removal 
of three layers is equivalent to the exhaustive skeletonization of 10 layers 
or to the one-third skeletonization of 30 layers or to the one-fifth skeletoni- 
zation of 50 layers. Accordingly, in a thick film the top layer will be depleted 
more slowly of available fatty acid molecules and a higher reaction rate 
will be maintained. We have been able to verify this point (12); a 35-layer 
film lost 3.0 layers during the first 10 minutes of exposure to the albumin 
solution; under otherwise equal experimental conditions 4.6 layers were 
ripped off from a 51-layer film. 

The specificity of the ripping-off reaction offers an excellent tool for the 
differentiation between two fatty acids, especially between palmitic or 
stearic acid on the one hand and the longer chain acids on the other hand. 
If we form mixed films of lignoceric and stearic acids on a hypophase of 
pH = 7.6, containing barium ion, and build them up in the customary 
manner, we obtain a film containing lignocerate ion, stearate ion, barium 
ion, and hydrogen ion; the anions in the relation 1:1 and the cations in the 
relation 1:1, i.e., two equivalents barium: one equivalent hydrogen. Thus, 
the film might be considered to consist of 1/3 barium lignocerate, 1/3 
barium stearate, 1/6 lignoceric acid and 1/6 stearic acid. From among 
these four species only free stearic acid may be removed by albumin, so 
that the total of removable molecules would amount to 1/2 only of those 
that may be ripped off from a simple barium stearate-stearic acid film. In 
preliminary experiments (12) it has been observed that the rate of removal 
is substantially identical for the lignoceric-stearic and for the pure stearic 
film; experiments to ascertain the limit of skeletonization in these films are 
under way. The above result teaches an important fact, namely, that 
anions and cations in the film are not specifically correlated one with an- 
other. The position resembles a solution of four ionic species, two cations 
A and B, say, barium and calcium, and two anions, C and D, e.g., NO,’ and 
Cl’, which will react as if it contained AC, AD, BC, and BD. If one of these 
molecular species, say, AC, is removed by a reaction, e.g., barium nitrate 
by crystallization, it will be virtually replenished from AD + BC; even- 
tually species BD, in the example calcium chloride, will prevail in the 
mother liquor. Similarly, as the ripping-off reaction specifically removes 
hydrogen stearate, more of it will form and correspondingly increasing 
amounts of barium lignocerate will constitute the remaining skeleton. 
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Geometric Relationships 


Pure fatty acids in bulk and in layers formed by adsorption crystallize in 
at least three allomorphic forms (13). The situation with built-up films 
of a mixture of free acid and barium soap is different. From X-ray crystal- 
lographic evidence (14) we are led to assume that the ions in each layer 
form a hexagonal network. 

The distance between two cationic layers has been determined by X-ray 
crystallography for stearic acid-barium stearate films at 50.1 A. The length 
of the unit cell comprising two stearic acids and one atom of barium, com- 
puted from the atomic distances and valence angles, is approximately 
51.05 A. Thus, the molecules are slanted with an angle of 10°-12°. Since 
no X-ray data are available for films containing lignoceric and other acids, 
nor for their deposition ratio, it cannot be stated at present whether their 
slanting angle differs substantially. 

In this array the barium ions form a beehive network and the hydrogen 
ions are situated in the centers of the hexagons. Each barium ion neu- 
tralizes one carboxylic group from the layer above it and one from the 
layer below. The hydrogen ions are arranged in pairs, which neutralize two 
neighboring carboxyl groups by polar and hydrogen bonding, in other 
words, the fatty acid occurs in dimers. Neither the protons nor the metal 
ions appear to be definitely correlated to individual pairs of carboxyl 
groups, but must be imagined to be equidistant from six carboxylic groups, 
three above and three below. 

The skeletonization of stearic films proceeds as follows. First, the free 
stearic acid molecules are dissolved from the top layer and each of them 
carries with it its counterpart from the second layer; clearly, the hydrogen 
bonds are strong enough to overcome the cohesional forces that are holding 
back the second molecule. 

If we now could look down the resulting shaft, we should see the three 
terminal methyl groups of stearic acid molecules of the third layer pointing 
upwards at a lateral distance of ca. 3.0 A. from the center of the bottom 
of the shaft. One of the three will now be squeezed up the shaft to the 
surface, carrying with it the two nearest protons from the next ionic layer 
and the corresponding fatty acid from the fourth layer. What is the driving 
force in this transfer mechanism? It cannot be repulsion by electrostatic 
forces at the polar level of the layers, since we know that hydrocarbons are 
likewise subject to skeletonization reactions, nor would one wish to invoke 
an unprecedented solid-state analogue of surface tension. We believe that 
the force which overcomes the frictional resistance is the lateral mechanical 
pressure. Whereas the external pressure is relaxed in the building-up 
process, the cohesional van der Waals’ forces continue operating. Aliphatic 
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acids display a bulge at their carboxylic end, imparting to them clublike 
shape. Thus, any lateral pressure will be strongest at the level of the car- 
boxylic groups and will tend to displace them in a direction perpendicular 
to the film. While they cannot escape downwards, they find an easy path 
through the holes left by the skeletonization of the layer immediately 
above. The absorption of hydrocarbons or water in the refilling reaction 
deals with molecules lacking a bulge. 

This hypothesis is supported by the following observation: the thickness 
of stearic and of lignoceric films, as compared with the calculated length 
of the molecules, indicates a slant of ca. 11° (see above). Mixed films of 
stearic and lignoceric acid on the molecular ratio 1:1 are about 1.05 A. 
thicker than the calculated average, per layer, taking into account the 
difference in molecular weight (12). We interpret this difference by a more 
perpendicular position of the molecule in these mixed films with a slanting 
angle near zero. This position may be achieved by the squeezing of the free 
carboxylic groups of the stearic acid molecules into a plane of lower lateral 
pressure. 
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ABSTRACT 


A surface trough has been used to study protein/lipid interactions by a develop- 
ment of the Schulman-Rideal injection technique. From the adsorption isotherms 
obtained the structure of the complexes has been determined. The lipids used— 
distearin, dipalmitoy] cephalin, and distearoyl lecithin—were synthetic materials, 
and the proteins were bovine plasma albumin and sheep insulin. The results indicated 
that the first sublayer of adsorbed protein combined with distearin and cephalin 
through the peptide bonds, probably by means of hydrogen bonding or ion-dipole 
association. With lecithin, however, the interaction appeared to be ionic. In all cases 
the indications were that a second layer of native protein was adsorbed. 


INTRODUCTION 


The fundamental importance of surfaces in biological systems has been 
stressed earlier in reviews by Danielli and Davies (1) and by Cheesman 
and Davies (2); indeed, it is evident that most of the reactions occurring 
in living organisms occur at surfaces. The structure of an artificial lipo- 
protein layer has been determined in a recent paper (3), and this was 
compared to the picture of the plasma membrane as put forward by 
Danielli and Davson (4). By the use of a modification of the injection 
technique of Schulman and Rideal (5), complexes between stearic acid 
and cholesterol and various proteins were shown to be stabilized by inter- 
action—probably hydrogen bonding—between the polar groups of the 
lipids and the peptide bonds of the proteins. The thermodynamics of the 
adsorption process indicated further stabilization by cohesion between 
nonpolar side chains of the reacting molecules (6). 

In the present work the study of lipid-protein interactions at the air/wa- 
ter interface has been extended by the use of more complex lipids, in order 
to determine the effect of introducing different groups into the lipid mono- 
layer. 

EXPERIMENTAL 


Apparatus and Materials 


Surface pressures were measured by the single horizontal wire torsion 
balance, accurate to 0.02 dyne/cm., used in the earlier work (3). 
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Crystallized bovine plasma albumin (BPA) was obtained from Armour 
Laboratories, and sheep insulin from Burroughs Wellcome & Co. Buffer 
solutions were prepared from A. R. reagents and water which had been 
distilled from alkaline permanganate. BPA solutions were made up in 
conductivity water and insulin in 0.01 N HCl, and they were discarded 
after one month. 

The lipids used were a,a’-distearin, a,a’-dipalmitoyl cephalin, and 
a,6-distearoyl lecithin. Samples of the purified substances, prepared by 
synthesis, were presented by Dr. T. Malkin and Dr. T. H. Bevan, of the 
University of Bristol. They were dried over P.O; in vacuo for 24 hours 
before use. 


Procedure 


Monolayers of the lipids were spread from chloroform-benzene solution 
using an Agla micrometer syringe. The method of following the interactions 
was similar to that described previously for the simpler lipids (3). Injection 
of BPA under distearin and dipalmitoyl cephalin was carried out using a 
0.05 M acetate buffer of pH 4.8 as substrate; a 0.04 M@ phosphate buffer of 
pH 7.4 was used for the injection of BPA and insulin under distearoy] lec- 
ithin films. In all cases the ionic strength was made up to 0.15 with sodium 
chloride. Doty and Schulman (7) were unable to obtain adsorption of in- 
jected proteins by lecithin films using an initial surface pressure of 14 
dyne/cm., but, in the present work, reduction of this quantity to 2 dyne/ 
cm. allowed a considerable rise in surface pressure to be obtained, and 
this lower value was used throughout. The experiments were carried out at 
a room temperature of about 17°C. 


RESULTS 


The effect of varying the amount of protein injected on the increase in 
surface pressure, Ar, was demonstrated by plotting the two variables 
against each other. In order to show the amount of protein in relation to 
the amount of lipid spread, a second graph was drawn of Am versus the 
ratio of the number of protein molecules, n», to the number of lipid mole- 
cules, nz. The latter relationship, for distearin and lecithin adsorption of 
BPA, is shown in Fig. 1. Cephalin/protein interactions followed a similar 
pattern. It is seen that the adsorption curves show the same characteris- 
tics as those obtained for cholesterol and stearic acid (3). The discontinui- 
ties in the isotherms can then be taken to indicate the completion of 
separate layers of protein, and the nature of the lipoprotein complex can 
be determined using the same method as was applied to the simpler lipids, 
by making the basic assumption that all the injected protein is adsorbed 
at the lipid surface. 


The weights of protein required to complete one and two layers, and 
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Am, dyne/cm. 
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103 qp/n 


Fig. 1. The variation of surface pressure increase, Ar, with molecular ratio, 
n»p/nz, of BPA to distearin (open circles) and lecithin (full circles). 


TABLE I 
Adsorption of BPA and Insulin by Lipid Monolayers 
we No. of Wt. of protein Ar 
Lipid Protein layers nL/np (mg.) (dynes/cm.) 
Distearin BPA 1 625 0.01 10.0 
BPA Be 64 0.087 15.6 
Cephalin BPA i) 330 0.021 10.8 
BPA 2 84 0.063 14.0 
Lecithin BPA a 160 0.023 Aaa 
BPA 2 41 0.077 6.8 
Lecithin Insulin 1 28 0.024 16.3 
Insulin 2 uf 0.073 18.4 
TABLE II 


Specific Areas of Adsorbed Proteins 


Specific area of protein (m.2/mg.) 
Lipid Protein 1st layer nd layer 
Distearin BPA 2.6 0.30 
Cephalin BPA 1.1 0.38 
Lecithin BPA 1.0 0.34 
Lecithin Insulin 1.0 0.36 


the corresponding molecular ratios of lipid/protein, nz/n,, are shown in 
Table I. A knowledge of the weight of protein in each layer and the total 
surface area allows a calculation of the specific area of the protein to be 
carried out. The specific areas of the first and second sublayers are shown 


in Table II. 
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DiscussIoNn 


An examination of the figures shown in Table I indicates marked differ- 
ences between the behavior of distearin, cephalin, and lecithin. Whereas 
the ratios n,/n,» for cholesterol and stearic acid (3) approximated to the 
number of amino acid residues in the protein—588 and 103 for BPA and 
insulin, respectively (8)—in the present work only the diglyceride shows 
this simple 1/1 ratio of peptide bond to lipid molecule for the first layer 
of protein. Complex formation by distearin may then be compared to that 
found with cholesterol, in which the hydroxyl group and the peptide bonds 
interact. Since in the first layer of protein only one group in the distearin 
takes part in the adsorption, the active center here is again the hydroxyl 
group. The absence of any ionic character in distearin points to a hydrogen 
bond mechanism, as with the simpler lipids. 

A further point of similarity between distearin and cholesterol is ap- 
parent from the specific areas given in Table II, for the first layer of BPA 
under distearin has an area of 2.6 m.?/mg., compared to 2.4 m.?/mg. under 
cholesterol. This is due to the similar spacing of the hydroxyl groups, 
approximately at the corners of rectangles 10 A. by 4 A., in condensed 
films of both lipids. With the phospholipids, on the other hand, the specific 
areas of the first layers are constant at about 1 m.?/mg., indicating an 
extent of surface denaturation similar to that found at the air/water 
interface. The second sublayer of protein has roughly the same area for 
all the lipids. Since the values are comparable with those obtained for 
stearic acid and cholesterol (3), this second layer would appear to consist 
of native protein. 

Considering the first sublayer of BPA under dipalmitoyl cephalin, 
Nz/N» is seen to be much smaller than for distearin. With allowance for 
the observation that, in all other cases, the ratio was somewhat larger than 
the number of amino acid residues in the molecule, the difference being 
attributed to an edge effect (3), the figure of 330 corresponds to half the 
number of residues in BPA. This indicates that each molecule of cephalin 
interacts with two peptide linkages in the protein. 

In order to determine the particular groups in cephalin active in the 
adsorption process the results of the previous studies are considered. It is 
evident that the groups involved must be polar; furthermore, the distearin 
results show that the ester groupings take no part in the interaction. From 
this evidence combined with steric considerations it follows that the only 
two available groups are the phosphate and the amino groups. The protein 
is, then, arranged with one peptide bond under an amino group and the 
next under a phosphate group. This necessitates some reorientation of the 
ethanolamine residue, but the dimensional feasibility of this arrangement 
has been shown by molecular models. As to the type of bonding operative 
in this system, no definite conclusions can be drawn. Surface potential 
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studies by Few and Schulman (9) have shown that, at pH 4.8, the amino 
group is fully charged and the phosphate group is partly charged. It would 
be possible, therefore, for strong hydrogen bonds to be formed between 
these two groups and two peptide adjacent bonds. On the other hand, ion- 
dipole association could occur between the two charged groups of cephalin 
and peptide bond dipoles, in a similar manner to that suggested by Pank- 
hurst (10). 

The difference in the behavior of the phospholipids from that of the 
simpler lipids is even more pronounced with lecithin, as the molecular 
ratio n,/N» for the first layer of BPA is only half that obtained for cephalin. 
With both insulin and BPA n,/n, is seen to be about one quarter of the 
total number of residues. Thus, if the interaction is of the same character 
as before, these results indicate that each lecithin molecule reacts with 
four peptide bonds. However, since lecithin differs from cephalin only in 
the substitution of three methyl groups for the hydrogen atoms of the 
amino group, there can be no more than two groups available for inter- 
action with peptide bonds. The presence of these methyl groups rules out 
hydrogen bonding from the positive end of the molecule. A possible mech- 
anism is ion-dipole association between the two charged groups of lecithin 
and two peptide bonds, there being two other peptide bonds not contrib- 
uting to the interaction. However, the use of molecular models has indi- 
cated that the bulk of the choline residue renders this arrangement steri- 
cally unlikely. 

In view of the evidence against the use of peptide bonds here the most 
likely mechanism seems to be ionic attraction. At pH 7.4 all the carboxyl 
groups in the protein will be fully charged, taking a pK of 3-4. According 
to Waugh (8) the maximum negative side-chain charge of BPA is 124, 
which is of the same order as the value of n,/n, for the first sublayer of 
BPA under lecithin. Similarly, the maximum negative charge of insulin 
(8) is 17, compared to 28 for the molecular ratio of the first layer of this 
protein. Although the discrepancies found here are rather large, the general 
indication is that the interaction here is between the positively charged 
groups of the lecithin film and the negatively charged groups of the pro- 
tein. This agrees with the conclusions of Booij (11), who, in discussing the 
role of lecithin in the protoplasmic membrane, stated that only the negative 
groups of the protein are of importance for the complex relations with 
lecithin. 

The biological implications of this work are evident when the complexes 
formed here are compared with the Danielli and Davson model of the 
plasma membrane (4). Previous work on lipoproteins led Dervichian (12) 
to conclude that the bonding is of an ionic character, nonionic lipids being 
included by means of van der Waals’ lipid-lipid association. The present 
work on glyceride derivatives and the previous work on the simpler lipids 
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seem to indicate that this is not the complete story, since complex forma- 
tion between proteins and nonionic lipids is possible. Where bulky charged 
groups are present in the lipid, as in lecithin, however, ionic association 
predominates. 
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ABSTRACT 


Adsorption of trypsin at lipid-stabilized oil/water interfaces has been studied 
as a function of the nature of the interface. The adsorption of the enzyme, with 
corresponding changes in the activity expressed, is found to be related to the charge 
and nature of the lipid polar groups at the interface and to the charge and nature 
of the polar groups of the protein. Interactions between enzyme and lipid at the 
interface are paralleled in bulk with soluble lipid homologs. The loss in activity of 
the enzyme at the interfaces studied is thought to be due to a general structural 
unfolding of the molecule. Provided that the unfolding process has not gone too far, 
desorption of the surface enzyme can lead to partial recovery of activity. 

Some of the problems involved in the study of the effect of changes in the general 
structure of the protein on the enzymatic activity by the present methods are dis- 
cussed. It is concluded that a determination of whether or not these partially ‘“de- 
natured”? enzymes can work at lower efficiency necessitates careful investigation of 
the kinetic and thermodynamic properties of the adsorbed, partially unfolded en- 
zyme. 

INTRODUCTION 

The study undertaken here may be considered one approach to a much 
more general field of enquiry, namely, the expression of activity of en- 
zymes in vivo (1-3). The turnover of substrate by an intracellular enzyme 
may be modified by many factors, for example, permeability barriers may 
limit the supply of substrate or the enzyme may be working at a subopti- 
mal pH. On the other hand, its activity may be considerably altered by 
virtue of being combined, on a morphological level, with structured or- 
ganelles such as the cell membrane, mitochondria, microsomes, or nu- 
clear material, or, on a chemical level, by combination with lipids, poly- 
saccharide, nucleic acid, specific imhibitors, or certain inorganic ions. 
Indeed, an activity of an intracellular enzyme may, even under certain 
conditions, be apparently completely masked (4). The cell physiologist, 
as opposed to the enzymologist, is interested, on both the chemical and 
morphological levels, in how these changing factors can be related to 
changes in the physiological state of the cell. 


1 1851 Exhibition Scholar. 
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In the present investigation this approach to the problems of structure 
and function has been restricted to the chemical level in the study of the 
activity of enzymes adsorbed at various lipid interfaces. Two broad divi- 
sions of the problems, which may or may not be easily distinguishable in 
practice, immediately suggest themselves: combination of enzyme with 
lipid resulting in modification of the activity by direct changes in the 
active center or in modification of the activity by a general structural 
alteration of the molecule, indirectly affecting the active center. It is the 
latter physicochemical problem that is of most concern here. The ques- 
tions arise: ‘What part does the overall structure of the protein play in 
the activity of an enzyme?” ‘Can partially ‘denatured’ enzymes work at 
lower efficiency?” ‘““To what extent is the denaturation” reversible?” In- 
formation on both types of enzyme-lipid interactions from bulk studies 
can throw light on the interfacial problem. For example, the usual meth- 
ods of following ‘‘denaturation,’”’ such as viscosity and solubility changes, 
increase in flow birefringence, and increase in available —SH groups and 
phenolic —OH groups (5), may be employed. Few studies have yet at- 
tempted to correlate these changes with losses in enzymatic activity, 
especially at interfaces, and it is difficult to know whether the effects 
are through direct blocking of the active center or general structural modi- 
fication. To distinguish between these effects the choice of enzymes and 
lipids studied should be such that there is no interaction with the active 
center. 

A previous study (6) of the heme-enzyme, catalase, showed that it could 
be adsorbed at various lipid-stabilized oil/water interfaces in states vary- 
ing from fully active to inactive monolayers and multilayers, depending 
upon the lipid used and the conditions of adsorption employed. An emul- 
sion technique (7) was used, choosing oil-soluble lipid stabilizers to mini- 
mize the interaction between the protein and lipid in the bulk aqueous 
phase. Adsorption of catalase (I.P. = 6.8) on to negatively charged oil/wa- 
ter interfaces, stabilized by anthracene-C.:-sulfonate, mixed lauryl phos- 
phates, and cephalin, occurred readily at acid pH, whereas adsorption on 
to positively charged interfaces, stabilized by octadecatrimethyl ammo- 
nium bromide (CigsTAB) mixed with n-lauryl alcohol, cholesterol, and 
other straight-chain and cyclic alcohols, took place at alkaline pH. The 
negatively charged lipids were thought to interact chiefly with the —NH;+ 
groups on the protein, whereas the positively charged lipids interacted 
chiefly with the —COO- groups (6, 8, 9), there being probably little or 
no direct interaction with the active center, the heme iron. The interaction 
of long-chain sulfates and sulfonates with proteins at a pH acid to I.P. is 
very strong (9, 10). In bulk, 10-? M sodium dodecyl sulfate at pH = 5.3 


* Denaturation is taken in the sense of a nonproteolytic structural modification of 
the protein (5). 
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completely inactivates catalase, while well over 20 mg./m.* of catalase 
adsorb on to the anthracene-C2:-sulfonate-stabilized oil/water interface, 
the inner 10 mg./m.? being completely and irreversibly inactivated. The 
specific area of a fully unfolded protein monolayer at a clean air/water 
interface is ~1.0 m.?/mg., while at a clean oil/water interface it is ~1.8 
m.?/mg. (11); thus on the sulfonate-stabilized interface we have something 
like 8-10 layers of fully unfolded protein very tightly bound with no 
recovery of catalase activity on desorption, on top of which are many 
layers of only partially unfolded protein. These exhibit more and more 
activity as one moves from the interface, and from these more and more 
activity may be recovered on desorption of the enzyme. 

Adsorption of catalase on to oil/water interfaces stabilized with the 
long-chain phosphates, which have less effect on catalase activity in bulk, 
results in less uptake of the enzyme, diffuse monolayers only being formed. 
There is correspondingly less reduction in activity. The same holds for 
the phospholipid cephalin, where the charged groups responsible for ad- 
sorption are also phosphates. In both cases there is a partial recovery of 
activity on desorption of the enzyme from the interface. 

The adsorption of catalase on to the positively charged CisT'AB inter- 
face may be compared with the action of the soluble dodecyl trimethy]! 
ammonium bromide (DTAB) in bulk, which is weak (12). Here only small 
amounts of enzyme adsorb with little or no reduction in activity and 
nearly complete recovery of activity when the enzyme is desorbed. Here 
the monolayers are diffuse and comprised of “native” or only slightly 
unfolded protein. 

Where unfolding of the surface enzyme molecules was thought to occur 
with loss of activity, it was found that the activation energy («) for the 
enzyme-substrate reaction became progressively higher, and the w values 
for the surface enzyme were all higher than those in bulk. Desorption 
from the cephalin-stabilized interface led to a return of the u to its bulk 
value (6). 

To sum up then, the loss in activity of the enzyme when it was adsorbed 
at an interface was correlated with the degree of unfolding of the protein. 
The unfolding at lipid-stabilized interfaces was brought about chiefly by 
polar group interaction, whereas at the air/water and oil/water interfaces 
the unfolding was due to interaction of nonpolar groups. Provided that 
the unfolding process did not go to completion, as it did at the clean 
air/water and oil/water interfaces, desorption of the enzyme from the 
interface resulted in partial to complete restoration of activity. 

It was considered of great interest to study the adsorption on to these 
oil/water interfaces of another enzyme without a prosthetic group and 
with a very different chemical function. The choice of trypsin for this 
study has many advantages. Trypsin may be prepared in a fairly pure 
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form (13). It is considered to be a very stable enzyme under conditions 
where appreciable autolysis does not occur and is able to survive precipi- 
tation by trichloroacetic acid (14, 15). Also, Northrop (16) reports that 
it can undergo reversible heat denaturation. It is a protein of small molecu- 
lar weight (14) (17,000) having a very high I.P. (17) (~11.0) and con- 
tains large amounts of lysine and arginine which give rise to many end 
—NH: groups (17) in the protein. Its active center is thought to involve 
an uncharged imidazole group (15) (pK = 6.25 at 25°C.) and it is not 
thought that there are any —NH;+ groups nearby (18). Thus although 
this study is most likely to be restricted to studying the adsorption of 
trypsin on to negative surfaces, since it is positively charged over its 
entire range of activity (pH 5-10) (15, 19), one is not likely to obtain 
direct blocking of the active center by long-chain sulfonate, sulfate, phos- 
phate, or fatty acid anions. These react with the many charged —NH;* 
groups present. The discovery of Schwert et al. (20) that trypsin catalyzes 
the hydrolysis of arginine and lysine esters enables one to use a very simple 
substrate to follow its activity. Thus instead of following the protease 
activity of trypsin using casein or hemoglobin as substrate, one may 
measure its esterase activity using benzoyl arginine ethyl ester (BAEE) 
as substrate, greatly simplifying the interpretation of the results. 
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Benzoylarginineethylester (BAEE) showing where the hydrolysis 
by trypsin takes place 


EXPERIMENTAL 
Materials 


1. The trypsin used throughout these experiments was taken from a 
stock solution of the redissolved trichloroacetic acid precipitate described 
by Northrop, Kunitz, and Herriott (13). This had been well dialyzed 
against 0.01 M HCl and stored in a refrigerator. The enzyme gave the 
same activity under standard conditions over a period of months. Two 
different preparations of the enzyme were used. 

2. The benzoyl arginine ethyl ester (BAEE) was prepared by the method 
of Bergmann, Fruton, and Pollok (21). 

3. All emulsions were made with pure Nujol as the oil phase. Most of 
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the stabilizers have been described elsewhere (6). Very pure samples of 
synthetic and natural sodium taurocholate and sodium cholate prepared 
by E. Stenhagen (Uppsala) were used. A sample of egg phospholipid con- 
taining considerable lecithin was aslo used on which no further attempt 
at purification was made. 


Methods 


1. The preparation of emulsions stabilized by anthracene-C»:-sulfonate, 
lauryl phosphate, Cis AB-n-lauryl alcohol, and CisTAB-cholesterol has 
been described elsewhere (6). The preparation of oleic acid-glyceryl mono- 
oleate and oleic acid-glyceryl monooleate-bile salt emulsions is described 
by Frazer et al. (26). All emulsions, other than that stabilized with C;;TAB 
and mixtures, were examined in a medium of 0.1 M NaCl, which was 0.01 
M in NaH-PO,. The pH was adjusted to the required value in each case 
with small amounts of strong NaOH or HCl. The CisTAB-stabilized 
emulsions were made up in 0.1 M NaCl, which was 0.01 M in NH,Cl, 
for phosphate interacts strongly with the trimethyl ammonium ion (22). 
When the suspension of emulsion was adjusted in pH the required amount 
of trypsin was added for adsorption. In most cases the extent of adsorp- 
tion could be measured by centrifuging up the oil droplets and determin- 
ing the activity remaining in the subnatant. Where 100% adsorption 
occurred the activity of the surface enzyme was easily determined on the 
suspension (6). 

Fine suspensions of cholesterol (saturated solution) and of egg phospho- 
lipid were prepared by pipetting 2 ml. of petroleum ether (b.p. 30-60°C.) 
solution (0.14 g. phospholipid/ml.) into 40 ml. of warm (~45°C.) saline 
buffer and shaking vigorously for 5-10 minutes. 

ie Assay of trypsin activity, measuring the rate of hydrolysis of BAEE, 
has been described previously (15). All measurements except where stated 
were made at room temperature (18-21°C.), and during any group of 
measurements the temperature did not vary more than 0.5°C. The sub- 
strate concentration used in every case was 3 X 10-* M with respect to 
BAEE, well above the K,, value of 1.0 X 10-* M. All activities were 
measured in 0.1 M NaCl, which is 0.01 M in phosphate or ammonium ion 
as above. 

3. Microscopic electrophoretic mobility measurements on the emulsion 
particles in the presence and absence of trypsin were made over a wide 
range of pH in 0.1 M NaCl, which is 0.01 M in phosphate or ammonium 
ion using an Abramson cell (23-25). Measurements were made at room 
temperature and the potential applied to the tube was 110 v. Each point 
represented in the following curves is the average of 10-15 readings of 
the movement of different particles in the field. A mobility of 10 “units” 
in the curves presented corresponds toca. 4 X 10-° em./sec./v./cm. 
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RESULTS 
1. Interactions with Sulfates and Sulfonates 


In Fig. 1 the effect of small concentrations of sodium dodecyl sulfate 
(S.D.S.) on trypsin esterase activity in bulk over the pH range 5.0-9.5 in 
0.1 M NaCl plus 0.01 M phosphate is shown. Activities are not measured 
in the strong buffering range of phosphate (pH ~6.2-7.2), as the measure- 
ments by the method used become inaccurate. At pH = 5.0 it is seen that 
concentrations of S.D.S. as low as 1.7 X 10-* M completely inactivate 
trypsin, whereas even at pH = 9.5, where the enzyme still bears a high 
net positive charge, the activity can be reduced to as low as 13% by 
6.9 X 10-3 M §8.D.S. The activation by low concentrations of 8.D.S. is 
irreversible, and no activity is regained on raising the pH. Bulk concen- 
trations of the polycyclic sulfonate, sodium taurocholate (bile salt), up to 
1.2 X 10-2 M do not affect trypsin esterase activity at pH = 8.0. Three 
different samples of the compound were used, a crude natural preparation, 
a chromatographically purified natural preparation, and a pure synthetic 
preparation. 

Saturated solutions of the aromatic sulfonates methyl orange and Congo 
red in 0.1 M NaCl + 0.01 M phosphate, pH = 8.0, also had no effect on 
trypsin esterase activity. 
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Fig. 1. Effect of 8.D.S. on trypsin esterase activity in 0.1 M NaCl + 0.01 M phos- 
phate over pH range 5.0-9.5. 
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Concentrations of trypsin giving 10-20 mg. protein per square meter 
(m.?) of an anthracene-C2;-sulfonate-stabilized emulsion cause immediate 
flocculation of the emulsion at pH = 4.0 and below. Under these condi- 
tions all the enzyme was adsorbed on to the interface, as the clear sub- 
natant brought to pH = 8.0 had no activity. The flocculation time is 
greatly lengthened if the emulsion is much diluted, and if diluted ~100- 
fold (from say 0.4 m.?/ml.) there is no apparent flocculation within several 
hours but floccules may be seen microscopically, as was found in the 
process of making mobility measurements (see below). At concentrations 
of trypsin below approximately 8-10 mg./m.? flocculation did not occur, 
and at pH values above 4.0 there was no flocculation in the presence of 
““excess’”’ protein (>10 mg./m.’). 

In Table I is shown the effect of pH, time of adsorption, and ratio of 
protein to surface on the activity of trypsin esterase in the presence of 
the anthracene-C.:-sulfonate—stabilized emulsion. Where the adsorption is 
carried out beyond the range of measurable activity, i.e., below pH = 5.0, 
the samples are returned to the optimum pH = 8.0 and the activity 
recovered is recorded. All activities are reported as percentages of the 
bulk controls at any given pH. In general, the loss in activity increases 
with decreasing pH, with time allowed for adsorption before the ac- 
tivity measurement is begun, and with increasing available surface area. 
Throughout all activity measurements the rates of hydrolysis of BAEE 
were linear with time, some being measured over a period of as much as 
10-20 minutes. The activities usually dealt with (in range 1.0-10.0 mg./m.’) 
are thus more stable in time than the measurements made at pH = 8.0 
at a ratio of protein to surface of 0.4 mg./m.? would seem to indicate (see 
measurements made at 1.7 mg./m.?). Thus, 2 minutes was chosen as the 
standard time of adsorption, and most figures presented in Table I are 
averages of duplicates agreeing to within ~7%. Attempts at recovering 
activity by shifting the pH of adsorption to a more alkaline value for 
measurement of activity show that once the activity has been lost com- 
pletely (in practice <2-3%, the error of measurement), it cannot be 
recovered; if only partially lost, some recovery is possible. 

The adsorption of trypsin on to oil droplets stabilized with anthracene- 
C.,-sulfonate was also followed by observing the change in electrophoretic 
mobility of the particles in the presence of protein by the microscopic 
technique of Abramson (23, 25). The change in mobility of the particles 
with increasing ratios of protein to surface at pH = 4.0 is shown in Fig. 2(A). 
The particles have initially a high negative charge which is reduced to 
zero when the surface concentration of trypsin is ~10 mg./m.’. It is in 
this region where flocculation of the emulsion occurs. On addition of fur- 
ther protein more is adsorbed and the particles become positively charged 
reaching a constant value, probably approaching the mobility of the pro- 
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TABLE I 


Trypsin Esterase Activity in the Presence of an Anthracene-Cx-Sulfonate-Stabilized 
Emulsion in 0.1M NaCl + 0.01M Phosphate. Effects of pH, Time of Adsorption, 
and Ratio of Protein/Surface Are Shown. 


pH of activity Time of adsorption Ratio of protein/ Activity a of 
pH of adsorption measurement (mins.) surface (mg./m.?) control 
35% 


37% 
43% 
42% 
39% 
<3% 
<3% 
<3% 
32% 
66% 
<3% 
<3% 
13% 
32% 
47% 
58% 
<3% 
<38% 
27% 
60% 
<3% 
<3% 
<3% 
<3% 
64% 
11% 
10% 
<2% 
55% 
25% 
13% 
9% 
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tein itself in bulk at this pH. It is known that all the protein added is 
adsorbed on to the surface up to a concentration of at least 25 mg./m.? 
The effect of pH on adsorption of trypsin on to this sulfonate-stabilized 
interface is readily shown in Fig. 3, where the mobilities of the emulsion 
particles in the presence (B) and absence (A) of 10 mg./m2 of trypsin 
are shown. The mobility of the particles increases slowly with increasing 
pH. If the lowering of the mobility of the particle at any given pH is 
plotted against the electrophoretic mobility of trypsin in bulk taken from 
the data of Duke, Bier, and Nord (19) (see inset, Fig. 3), a straight-line 
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Fig. 2. Electrophoretic mobility of particles stabilized with anthracene-Coi- 
sulfonate (A) and lauryl phosphate (B) in the presence of increasing amounts of 
trypsin. Medium of 0.1 M NaCl + 0.01 M phosphate adjusted to pH = 4.0. 


relationship is seen to hold. This shows that the adsorption of trypsin on 
to this interface is chiefly related to the net charge on the protein. 

Two experiments were done to determine the activation energy for the 
surface enzyme-BAEE hydrolysis with the sulfonate system. The condi- 
tions used were adsorption (0.6 mg./m.”) at pH = 8.0 in 0.1 M NaCl + 
0.01 M phosphate, where at the room temperature of 20°C. the activity 
of the adsorbed enzyme is 45% of the control. Measurements were made 
over the temperature range 18-40°C. The » value for the control (cf. ref. 
15) was 10,000 cal./mole, whereas the values for the surface enzyme were 
8900 and 13,900 cal./mole. The difference between surface and bulk values 
is thus not significant. Linear Arrhenius plots for the surface enzyme were 
obtained up to 34°C., but above this temperature the activity fell off very 
rapidly, apparently because of drastic heat inactivation on the surface. 


2. Interactions with Phosphates 


With emulsions stabilized with mixed lauryl phosphates (chiefly primary 
and secondary phosphates) there is the possibility that some interaction 
with trypsin may occur in bulk, especially with disodium lauryl phos- 
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Fia. 3. Effect of pH on the electrophoretic mobility of anthracene-C21-sulfonate— 
stabilized Nujol particles in 0.1 M NaCl + 0.01 M phosphate in the absence (A) and 
presence (B) of 10 mg./m.? of trypsin. The inset shows a plot of the change in the 
mobility of emulsion particles due to adsorption of trypsin against the mobility of 
trypsin in bulk taken from the data of Duke, Bier, and Nord (19). 


phate. Under the conditions employed for studying the activity of the 
adsorbed enzyme there is not likely to have been appreciable interaction 
in the bulk phase, for when the oil phase was removed by centrifugation 
the clear subnatant had no effect on the activity of trypsin brought from 
pH = 4.0 to pH = 8.0 for testing. There was also no effect when twice 
the amount of emulsion was tested for “free phosphate,” but with ten 
times the usual amount the trypsin esterase activity was reduced to 60% 
of that of the control. The possibility that a considerable part of this re- 
duction was due to emulsion particles still present in the subnatant cannot 
be excluded, as the separation of the two phases became more difficult 
with large amounts of emulsion. At pH = 4.0 flocculation of the emulsion 
occurred when the ratio of protein to surface reached ~4 mg./m.?, and it 
was found that 99.5%, 90%, 80%, and 62% of the enzyme was adsorbed 
(the subnatants were tested at pH = 8.0) at ratios of 4, 5, 7.5, and 10 
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TABLE II 
Trypsin Esterase Activity in the Presence of Lauryl Phosphate-Stabilized Emulsion in 
0.1M NaCl + 0.01M Phosphate. Standard Time of Adsorption of 2 Mins. Allowed. 
Effects of pH and Ratio of Protein/Surface are Shown. 


pH of adsorption Baebes was Ore pan RAG Z. 
8.0 8.0 0.25 ~0% 
8.0 8.0 0.50 27% 
8.0 8.0 0.75 41% 
8.0 8.0 1.00 55% 
8.0 8.0 2.00 66% 
4.0 8.0 0.25 ~0% 
4.0 8.0 0.50 14% 
4.0 8.0 0.75 20% 
4.0 8.0 1.00 38% 
4.0 8.0 2.00 — 


mg./m.2. Thus about 4 mg. of trypsin was adsorbed readily per square 
meter at pH = 4.0 in 0.1 M NaCl plus 0.01 M phosphate. 

The data presented in Table II show the effects on trypsin esterase 
activity of adsorption at pH’s = 4.0 and 8.0. As on the sulfonate-stabilized 
interface more activity is lost when larger areas are available for adsorp- 
tion and unfolding. Unlike adsorption on the sulfonate interface a con- 
siderable amount of activity may be recovered at pH = 8.0 after adsorp- 
tion at pH = 4.0. That the lauryl phosphate-stabilized oil/water interface 
will take up 3-4 mg./m.? of trypsin at pH= 4.0 is confirmed by (B) pre- 
sented in Fig. 2, showing the change in electrophoretic mobility of the 
emulsion particles in the presence of increasing amounts of protein. In the 
presence of a great excess of protein the mobility of the particles reaches 
the same value as that of the sulfonate-stabilized particles in the presence 
of excess protein, probably approaching that of the bulk trypsin at this pH. 

Electrophoretic mobility measurements on emulsion particles stabilized 
with mixed lauryl phosphates presented in Fig. 4 show: (1) that the mo- 
bility of the emulsion particles alone increases slowly with increasing pH 
(A), as with the sulfonate; (2) the mobilities here are all lower in value 
at the same pH; and (3) the adsorption of trypsin at different pH’s on to 
the surface takes roughly the same form (B) as that on the sulfonate- 
stabilized interface. Mobilities below pH = 4.0 are positive because more 
than 3 mg./m.” are adsorbed, the measurement being carried out in the 
presence of “excess” protein (~10 mg./m.?). The inset to Fig. 4 shows 
the plot of the change in the mobility of the emulsion particles due to the 
adsorption of trypsin against the bulk mobility of trypsin. A linear rela- 
tionship is shown in pH region 4.0-9.0, but above this pH the lowering 
due to adsorption of protein is higher than expected on the basis of the 


net charge on the trypsin. 
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Fia. 4. Effect of pH on the electrophoretic mobility of lauryl phosphate-stabilized 
Nujol particles in 0.1 M NaCl + 0.01 M phosphate in the absence (A) and presence 
(B) of 10 mg./m.? of trypsin. The inset shows a plot of the change in the mobility of 
emulsion particles due to adsorption of trypsin against the mobility of trypsin in 
bulk taken from the data of Duke, Bier, and Nord (19). 


3. Interactions with Fatty Acid 


Concentrations of sodium oleate of 1.6 X 10-3? M in 0.1 M NaCl + 0.01 
M phosphate reduced the activity of trypsin to <12%, 42%, 51%, 59%, 
and 53% of the controls at pH’s 6.0, 7.5, 8.0, 8.5, and 9.0, respectively. 
The loss of activity at pH = 6.0 is only partially reversible, for if the pH 
of the sample is brought to 8.0 the residual activity is only 29% that of 
the control, instead of the expected 51%. All these samples showed a 
slight turbidity, the sodium oleate (partially oleic acid at pH = 6.0) prob- 
ably being above its micelle point under these conditions. A thick emulsion 
stabilized by a mixture of oleic acid and glyceryl monooleate (26) is quite 
stable at alkaline pH where the fatty acid is fully ionized. At acid pH, 
however, inversion of the emulsion will occur if enough oil phase is present, 
or breaking, if there is a predominance of the aqueous phase. The break- 
ing time may be considerably lengthened by using much-diluted emulsion. 
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Under the conditions used here to measure activities of trypsin in the 
presence of emulsion (above pH = 6.0) electrophoretic mobilities of 
the particles in 0.1 M NaCl + 0.01 M phosphate no breaking was ob- 
served to occur. Measurements on any sample were not made longer than 
20 minutes. 

Trypsin was not effective in flocculating the dilute fatty acid-stabilized 
emulsions at any pH even over long periods of time. The particles that did 
float up at acid pH showed as extensive breaking as in controls without 
trypsin. The data presented in Table III show the effect of pH, time of 
adsorption, and ratio of protein to surface on the activity of trypsin 
esterase in the presence of the oleic acid-glyceryl monooleate-stabilized 
emulsion. With respect to the effects of time of adsorption and surface 
available for adsorption (ratio of protein/surface large), the results are 
qualitatively the same as those found for adsorption on to the sulfonate- 
and phosphate-stabilized interfaces. As these quantities increase in value 
the losses in activity become greater. With respect to pH, however, the 
results are totally different. Loss in activity above pH = 8.0 is not appre- 
ciable; the loss seems to be greatest in the region of pH = 6.7 and is par- 
tially reversible on changing the pH to above 8.0. At pH = 6.0 the loss 
is not as great as at pH = 6.7, under the same conditions. The measure- 
ments made with this system are much more variable than with the 


_ TABLE III 


Trypsin Esterase Activity in the Presence of Oleic Acid-Glyceryl Monooleate-Stabilized 
Emulsion in 0.1M NaCl + 0.01M Phosphate. Effects of pH, Time of Adsorption, 
and Ratio of Protein/Surface are Shown. 


pH of activity Time . seaplane Ratio of protein/ Activity (% of 


pH of adsorption measurement mins. surface (mg./m.*) control) 
8.3 8.3 2 0.83 98% 
6.7 8.3 2 0.83 83% 
8.7 8.7 2 0.65 85% | 
7.5 7.5 2 0.65 110% 
(Aw) (20 2 0.65 59% 
6.7 Onl 2 0.65 <8% 
6.2 6.2 2 0.65 66% 
8.3 8.3 2 0.04 90% 
7.5 7.5 2 0.04 62% 
Gri 8.3 2 0.04 50% 
6.7 8.3% 5 0.04 37% 
6.7 8.32 5 0.04 37% 
6.0 8.3 5 0.04 64% 
6.2 6.2 5 0.08 32% 
6.2 6.2 5 0.16 36% 
6.6 6.6 5 0.08 15% 


« Experiments on 2 different days. 
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sulfonate and phosphate systems, and these activity values presented 
are probably reliable only to within +10%. 

More light is thrown on these results when the electrophoretic mo- 
bilities of the emulsion particles are examined over a wide pH range in 
the presence and absence of excess trypsin (~5 mg./m.’). The results 
presented in Fig. 5 show that, as expected, the mobility of the emulsion 
particles alone (A) drops from a large negative value at alkaline pH to 
zero at very acid pH, showing an apparent surface pK — 5.5. Above 
pH = 8.0 no trypsin adsorbed on to this interface, but just below this in 
the region 6.2-7.2 there appeared to be a strong adsorption (B), falling 
off to approximately zero also at lower pH values where the surface loses 
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Fra. 5. Effect of pH on the electrophoretic mobility of oleic acid-glyceryl mono- 
oleate-stabilized Nujol particles in 0.1 M NaCl + 0.01 M phosphate in the absence 
(A) and presence (B) of 10 mg./m.? of trypsin. The inset shows a plot of the change 
in mobility of emulsion particles due to adsorption of trypsin against the mobility of 
trypsin in bulk taken from the data of Duke, Bier, and Nord (19). Curve (C) shows 
the effect of pH on the electrophoretic mobility of oleic acid-glyceryl monooleate- 
sodium taurocholate-stabilized particles in the absence (open circles) and presence 


(half circles) of trypsin under the same conditions. Much taurocholate remains in the 
bulk phase. 
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its charge. A plot of the change of electrophoretic mobility of the par- 
ticles that occurs when trypsin is added at any given pH (a measure of 
the amount of adsorption of the protein) against the electrophoretic mo- 
bility of trypsin in bulk (which is proportional to the net charge on the 
protein at a given pH) thus shows the very curious curve presented in the 
inset to Fig. 5. 

Attempts were made also to study the adsorption on to an oil/water 
interface stabilized with oleic acid, glyceryl monooleate, and bile salt 
(sodium taurocholate) by following the changes in electrophoretic mobility 
of the emulsion particles at various pH’s. As may be seen in Fig. 5 (C) 
there was no apparent adsorption of protein (over the whole pH range), 
probably because of the appreciable interaction of the relatively soluble 
bile salt with the trypsin in bulk. The curve is seen to show the properties 
of both fatty acid and sulfonate. Above pH = 8.0, where all the fatty acid 
is ionized, there is a slow increase in mobility with increasing pH, as with 
the sulfonate system, and below pH = 8.0 the fatty acid is titrated but 
not to zero mobility because of the taurocholate present. 


4. Examination of Other Systems 


Repeated attempts were made in order to determine whether or not 
trypsin adsorbed on to oil/water interfaces stabilized with C1;TAB + n- 
lauryl alcohol and CisTAB + cholesterol at pH = 8.0 in 0.1 M NaCl + 
0.01 M NHyt. With the former system the electrophoretic mobilities of 
the particles were measured on three samples and found to be +93, +90, 
and +93 units. When trypsin was added in ratios 8.3 and 6.6 mg./m.? of 
surface the mobility was usually lowered slightly but erratically to about 
+70 units, with some samples even showing flocculation (zero mobility). 
Hocking (24, 25) has also found considerable variability in mobility meas- 
urements on similar systems. The same was found to be the case for the 
CisTAB-cholesterol system, where the mobilities at pH = 8.0 (+85 and 
+83 units) were lowered to +60-63 units. It is thought that the lowerings 
were due to contamination by phosphate, with which trimethyl ammonium 
bromide compounds strongly interact, as no adsorption (within 2% error) 
occurred when the oil phase was separated off by centrifugation and the 
subnatant tested for activity. In these experiments excess surface was 
used. Also, there was no effect on trypsin esterase activity by these systems 
over the pH range 6.0-9.0. 

There was found to be no adsorption of trypsin on to uncharged (zero 
mobility) particles of cholesterol or egg phospholipid particles as tested 
on fine suspensions of these substances at pH’s 4.0 and 8.0 in 0.1 M@ NaCl 
+ 0.01 M phosphate by electrophoretic mobility measurements and 
centrifugation experiments. Also there was no observed effect on trypsin 
esterase activity at pH = 8.0 by these suspensions. 


466 M. J. FRASER AND J. H. SCHULMAN 


5. Adsorption of Trypsin at the Air/Water and Oil/Water Interfaces 


In confirmation of previous observations (see 27, 28) trypsin unfolded 
at the clean air/water and oil/water interfaces loses its activity completely 
and irreversibly. Monolayers of trypsin were spread at the air/water inter- 
face on 0.1 M NaCl + 0.01 M phosphate at pH = 8.0 for 20 minutes. The 
films were then collapsed and the protein was removed as fairly robust 
fibers, and added to saline phosphate at pH = 2.5, in which they appeared 
to redissolve. When 4 times the usual amount of protein was collected and 
tested for activity at pH = 8.0 no activity whatever could be detected. 

Trypsin was inactivated at the oil/water interface by shaking 20 times 
the normal amount of trypsin usually used in an activity measurement in 
saline phosphate at pH = 8.0 with increasing amounts of a hydrocarbon 
fraction (b.p. 125-155°C., chiefly nonane) until droplets that were un- 
stably emulsified suddenly coalesced. No activity whatever was found to 
remain, the method being capable of detecting 0.5% of the original activ- 
ity present. A control sample, shaken without hydrocarbon, did not lose 
any detectable amount of activity on this treatment and very little froth 
formation occurred. 


DIscUSSION 


In almost every case investigated it is seen that the adsorption of trypsin 
on to lipid-stabilized oil/water interfaces is a function of the charge on 
the interface. No detectable adsorption occurs when the protein and inter- 
face are of the same charge (Cis. AB-n lauryl alcohol or CisTAB choles- 
terol interfaces) or of zero charge (cholesterol or egg phospholipid par- 
ticles). Adsorption occurs best on the negatively charged sulfonate- and 
phosphate-stabilized interfaces, and the fatty acid ester—stabilized inter- 
face below pH = 8.0. With the negative interfaces the amount of adsorp- 
tion not only is proportional to the charge on the interface but is a func- 
tion of the nature of the polar groups with which the protein interacts. 
At pH = 4.0, for example, the sulfonate-stabilized particles (whose mo- 
bility is —180 unit as compared with —130 unit of the phosphate-stabilized 
particles) can take up over 25 mg. trypsin/m.?, whereas the phosphate- 
stabilized particles take up only 4 mg. trypsin/m.? at pH = 6.7 and the 
fatty acid-stabilized particles (mobility of —110 unit) take up less than 
0.5 mg./m.2. That the nature of the interface is important is also seen 
in the anomalous position of the fatty acid-stabilized interface above 
pH = 8.0. Here no trypsin is adsorbed, though there is bulk interaction 
with oleate anions. Appreciable adsorption occurs only in the region pH = 
6.2-7.2 where the fatty acid is 72-95% ionized, i.e., about 20% of the 
groups are in the undissociated form. Whether the unionized—COOH 
groups act in the adsorption by H-bonding with polar groups in the pro- 
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tein or act to space the charged fatty acid groups on the interface is not 
known. A “spacer” molecule (6), however, already exists at this interface 
in the form of the neutral glyceryl monooleate. If any extensive adsorp- 
tion of trypsin on to this interface occurred at pH = 8.0 or above it would 
be expected that the intestinal tryptic activity would be greatly inhibited, 
much the same as intestinal lipase activity is inhibited when sodium cetyl 
sulfate is fed to rats (29). 

Where the charge and composition of the interface remain relatively 
constant over a wide pH range (on the sulfonate- and phosphate-stabilized 
particles) another important factor in the adsorption is seen to be the 
charge on the protein. The decrease in mobility of the particles, taken to 
be proportional to the amount of protein adsorbed, was found to be lin- 
early proportional to the bulk mobility of the protein, which is a measure 
of its net charge. In the case of adsorption on the phosphate interface at 
alkaline pH there is apparently more protein adsorbed than expected, and 
this may be accounted for by the strong interaction between phosphate 
and amine groups (80, 31). 

In all cases studied the losses in enzymatic activity are seen to parallel 
the strength of adsorption, and with the strongest adsorption (e.g., on to 
the sulfonate and phosphate interfaces at pH < 5.0) there is complete 
and irreversible loss in trypsin esterase activity. With weaker adsorption 
the losses in activity are less, and the recoveries on desorption or partial 
desorption are correspondingly greater. Most of these interactions with 
sulfonate, phosphate, and fatty acid are considered to be with the —NH;+ 
groups of trypsin, which are not thought to be involved in the active 
center (18), uncharged imidazole group (15). Further evidence of this fact 
may be stated in the reports that acetylation (32) of the —NH;* groups 
or blocking with formaldehyde (33) does not affect trypsin esterase activ- 
ity. Also the long-chain polycyclic sulfonate, sodium taurocholate (bile 
salt), which was found here to interact with trypsin in bulk to prevent its 
adsorption on to the interface stabilized with oleic acid, glyceryl mono- 
oleate, and sodium taurocholate, has no effect on trypsin esterase activity 
up to concentrations of ~10-? M, nor do appreciable concentrations of 
the aromatic sulfonates, methyl orange and Congo red. These molecules 
may bind the exposed —NH;* groups on the trypsin surface without open- 
ing up the molecule as the long-chain sulfonates do (10), but probably do 
not bind on the active center. As a result of these considerations, the loss 
in enzymatic activity that occurs when trypsin adsorbs on to the inter- 
faces stabilized with sulfonate, phosphate, or fatty acid, is thought to be 
due to the same interactions that occur in the adsorption of the protein 
at these oil/water interfaces, and to be mediated through a general struc- 
tural unfolding of the molecule. If the unfolding process does not proceed 
too far then activity may be restored under favorable circumstances. 
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The action of §.D.S. in bulk on trypsin esterase activity parallels the 
adsorption on to the anthracene-Co-sulfonate-stabilized interface. Wil- 
liams et al. (34) report that the critical micelle concentration of §.D.S. in 
0.1 M NaCl is 1.6 X 10-* M, above which micelles of molecular weight 
32,400 (112 molecules of S.D.S.) form, and this is probably little affected 
by pH changes. Appreciable inactivation of the enzyme apparently occurs 
only above the micelle point (Fig. 1). The effect of increasing pH is to 
weaken the interaction of the enzyme with the micelles, just as with the 
sulfonate-stabilized particles (see below and T able I, Fig. 3). The concen- 
tration of protein present is small compared to the concentration of S.D.8., 
being of the order of 0.012 mg./ml. (~7 X 10-7 M). Wills has previously 
suggested that the loss of many enzyme activities in the presence of S.D.S. 
is due to adsorption on to micelles. The inhibition of trypsin esterase 
activity does not follow a normal type of competitive or noncompetitive 
inhibition, as shown by plotting the curves in Fig. 1 in the form: reciprocal 
of activity vs. conc. inhibitor. A linear plot is usually obtained, whereas 
the data of Fig. 1 give a hyperbolic curve. 

It also appears that the interaction of trypsin with oleate micelles leads 
to loss of esterase activity even above pH = 8.0, where no adsorption on 
to oleate-glyceryl monooleate-stabilized interface takes place. At low pH, 
where the fatty acid is in the undissociated form, there is apparently no 
adsorption on to this interface, contrary to what occurs at a hydrocarbon 
oil/water interface. Adsorption of proteins on oleic acid droplets, however, 
apparently does occur in 0.01-0.05 % protein solutions (35). 

On the basis of the present data it cannot be stated unequivocally that 
the partial activity of the surface trypsin is exhibited by partially un- 
folded protein. It is not known whether the loss in activity of a “native” 
trypsin molecule through unfolding parallels the general structural open- 
ing up of the protein, e.g., as measured in bulk by viscosity and solubility 
changes, birefringence of flow, exposure of —SH and phenolic —OH 
groups, etc. (6). It is quite possible that a certain amount of structural 
alteration (e.g., acetylation, formalation, heat and urea denaturation) of 
the molecule could take place without affecting the activity. A striking 
example of this has recently been reported by Hill and Smith (36) in 
which 120 amino acid residues of the original 180 in the proteolytic en- 
zyme papain may be removed without loss in activity. Further alteration 
(possibly at or near the active center) could suddenly trigger a complete 
loss of activity. In some cases studied here this may be so, e. g., in- 
teraction of trypsin with sulfates (S.D.S. in bulk) and sulfonates (surface 
adsorption), at acid pH where the activity is irreversibly lost. However, 
where the activity on adsorption is not irreversibly lost there remains the 
possibility that unfolded protein is exhibiting partial activity. There are 
several other cases of reversible ‘“‘denaturation” of this protein, that by 
heat and more recently that by urea, where the criterion for denaturation 
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has been activity loss in the first case (16) and activity coupled with vis- 
cosity measurements in the second case (37). Where one has a sample of 
enzyme treated by “denaturing agents” or adsorbed at an interface, ex- 
hibiting partial activity, is the activity exhibited by a fraction of fully 
active molecules (not necessarily “native” with respect to structural 
changes) or is it exhibited by all of the molecules partially active? The 
question is very difficult to answer in practice; and the answer may well 
be different for different enzymes, e.g., those with and without prosthetic 
groups. 

Where a competitive or noncompetitive type of inhibition of the enzyme 
resulting from a combination of inhibitor with the active center can be 
ruled out, the loss of enzymatic activity must result from an effect of the 
inhibitor on the general stereochemical configuration of a part or the 
whole of the protein molecule. If strained configurations of the molecule 
can work at lower efficiency, exhibiting partial activity, then it is possible 
that kinetic and thermodynamic studies will enable one to differentiate 
between losses in activity by a drastic (all-or-none effects) or a slight 
modification of the structure of the active center. For example, one might 
expect the combination of the substrate with the enzyme to be much 
more difficult and hence predict an increase in the K, and activation 
energy for this reaction. The increase in activation energy for the overall 
catalase H,O» reaction of the surface-adsorbed enzyme has been previously 
(6) related to a general structural unfolding of the molecule. With trypsin 
only one such study has been made, unfortunately in the unfavorable 
(irreversible loss of activity) case of adsorption at the sulfonate-stabilized 
interface. The same activation energies for the surface and bulk enzyme- 
substrate reactions would seem to indicate that the loss in activity at this 
interface is an all-or-none effect. Such a mechanism has been proposed 
for the structural unfolding of protein molecules in bulk by long-chain 
sulfates (9). At present, few data with which to elucidate the role of the 
general protein structure in enzymatic activity, either in the ‘simple’ 
bulk cases or for the complex interfacial enzymes, are available. 

Aside from the physicochemical problems involved in this work, a point 
of interest to the cell physiologist is that intracellular enzymes by virtue 
of being combined with lipids at some interface could be expressing only 
part, or possibly none, of their potential activity. Splitting, or change in 
physical state, of these complexes by some environmental change could 
lead to expression of full activity, thus partaking in, if not ‘“‘causing,” a 
change in the physiological state of the cell. This is a possible mechanism 
for the evocation of intracellular enzyme activities alternative to de novo 
synthesis of an enzyme. 
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ABSTRACT 


The appearance of polarographic overcurrents (maxima) in anhydrous formic 
acid was found to depend on the relative concentrations of the electroreducible ion 
and the supporting electrolyte. The overcurrents were easily suppressed at rela- 
tively low concentrations of the supporting electrolyte, i.e., about 0.3 M@. The un- 
usual behavior was attributed to the monomeric molecules of formic acid which are 
capillary-active. The increase of supporting electrolyte caused a corresponding 
increase in the ionic strength which, it is postulated, weakened the hydrogen bonds 
in the dimeric formic acid molecule. This led to a greater concentration of monomeric 
molecules which was responsible for the suppression of the overcurrent. 


INTRODUCTION 


As it will be shown that the peaks on polarographic waves, hitherto known 
as “maxima,” are variables passing through maximum values, in order to 
avoid the clumsy expression “‘maximal maxima” it has been decided to 
refer to them as “overcurrents”’; this is a better description than the non- 
committal term “maxima.” The overcurrent is defined as the difference 
between the peak value of the current and the residual current from which 
the wave started in a polarogram. 

No information on the electrocapillary curve of mercury in anhydrous 
formic acid has yet been published. In view of its relationship to the fact 
that the polarographic overcurrent occurs with some elements and does 
not occur with others, the measurement of this curve was undertaken. 

The dependence of the overcurrent on supporting electrolyte concen- 
tration has been shown in the case of overcurrents existing on the waves 
for the electroreduction of oxygen by Varasova (3) and Rasch (4), of 
mercuric cyanide by Dillinger (5), and of uranyl salt solutions by Herasy- 
menko (6). These authors showed that as the supporting electrolyte 
concentration was increased, the overcurrent at first increased and then de- 
creased. At the maximum overcurrent the supporting electrolyte concen- 
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tration was found to be directly proportional to the concentration of the 
electroreducible species. Complete suppression of the overcurrent was not 
mentioned except by Herasymenko in the case of uranyl salts and was 
ascribed to adsorption of reduction products which suppress the over- 
current. That large concentrations of supporting electrolyte are normally 
required before the overcurrents are suppressed was recognized by Hey- 
rovsky and Simunek (7), who maintained that the overcurrents “are 
suppressed by surface-active matter, active anions or great concentrations 
of electrolytes.” If this is so the graph of the overcurrent value against 
supporting electrolyte concentration in aqueous solution would be as shown 
by the complete curve in Fig. 5 (full and dotted lines). 


EXPERIMENTAL 


A description of the polarographic cell used, details of the quinhydrone- 
in-formic acid electrode (Q.F.A.E.) and the saturated calomel-in-formic 
acid electrode (S.C.F.A.E.), together with the polarographic characteristics 
of nine inorganic cations have been published elsewhere (1, 2). 

To measure the values of the overcurrents and diffusion currents, a 
centimeter scale was firmly mounted in front of the polarograph and the 
position of the light spot recorded visually. This had the advantage over 
photographic recording of allowing larger deflections of the galvanometer 
and thus increased the accuracy of the measurements. 

In the examination of the variation of the overcurrent with concentration 
of supporting electrolyte, the ratio of the overcurrent to the diffusion 
current, called B, was plotted. One advantage of plotting the ratio instead 
of overcurrent value, was that the former depended much less on changes 
in the drop time, being the ratio of two quantities both of which were 
dependent on this time of dropping. 

The electrocapillary curves were plotted by noting the drop time of 
mercury from the capillary. 


RESULTS 


The electrocapillary curves were measured at sodium formate concentra- 
tions of 0.05 M, 0.1 M, 0.25 M, 2.0 M, 4.0 M, and 5.5 M in anhydrous 
formic acid. The curve was flattened near the maximum, the flat portion 
extending over a potential of about 0.25 volt; otherwise the curve was of 
normal shape. The electrocapillary maximum in a 0.25 M sodium formate- 
formic acid solution was —0.55 volt vs. 8.C.F.A.E. No shift to more nega- 
tive potentials was observed on increasing the sodium formate concentra- 
tion; this showed the formate ion to be capillary-inactive. This is in agree- 
ment with the observations of Rasch (4). Had the formate ion been ad- 
sorbed at the mercury-solution interface a change of the potential at the 
maximum to more negative values, due to the adsorption of a negative ion, 
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would have been observed. The potential of the maximum after correcting 
for the liquid junction potential between anode and cathode compartments 
was actually found to shift in a positive direction. The corrected potential 
of the maximum at a sodium formate concentration of 0.05 M was —0.58 
volt vs. §.C.F.A.E. and at 5.5 M was —0.40 volt vs. 8.C.F.A.E. This 
suggests that, as the sodium formate concentration is increased, some 
positive ion is being adsorbed more and more at the mercury-solution 
interface. 

Formic acid has been shown to be capillary-active. It was found that 
if added to aqueous solutions during a polarographic investigation it was 
capable of suppressing overcurrents. Furthermore, formic acid behaves in 
exactly the same way as methy] red in its effects on the somewhat curious 
curves obtained by Lingane (8) in the polarographic investigation of indium 
in 1 M aqueous potassium chloride. This suggests that formic acid is itself 
capillary-active. The species present in pure anhydrous formic acid are 
largely dimeric molecules in equilibrium with monomeric molecules and 
formate ions. That the formate ions are not capillary-active is shown by 
the failure of the electrocapillary maximum in formic acid to shift to more 
negative values. It is unlikely that the dimer will be capillary-active, the 
carbonyl and hydroxyl groups being hydrogen-bonded to those of another 
molecule. It is thus believed that the monomeric formic acid molecules are 
responsible for the capillary activity and the suppression of the overcurrent 
and that it is the positive hydroxyl group which is adsorbed at the mercury- 
solution interface. Increase of the concentration of the monomer should 
thus shift the electrocapillary curve to more positive values, which is what 
was shown to occur. It is thus postulated that increase of the sodium 
formate concentration increases the ionic strength of the medium; this 
tends to weaken the hydrogen bonding in the dimer with the production 
of monomeric molecules. As the ionic strength will increase linearly with 
concentration of a uni-univalent salt such as sodium formate, the increase 
of monomeric formic acid is believed to be a linear function of the sodium 
formate concentration. 

It has been shown (2) that of the elements studied polarographically in 
formic acid, only bismuth, antimony, lead, and tin, the half-wave potentials 
of which are appreciably more positive than the electrocapillary maximum 
potential, give rise to overcurrents. The values of the ratio 6 at various 
concentrations of sodium formate, used as a supporting electrolyte, are 
plotted in Figs. 1-4. These curves show similar behavior to those in aqueous 
solution (Fig. 5) in that the overcurrent increases, passes through a maxi- 
mum, and then decreases. With the exception of tin, the curves were found 
to be reproducible, and, as found in aqueous solution, the concentration of 
supporting electrolyte at the maximum value of ratio 8 was directly pro- 
portional to the concentration of the electroreducible ion. Unlike bismuth, 
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CONCENTRATION OF SODIUM FORMATE (MOLAR). 


Fig. 1. Concentration of tin in gram ions per liter: Curve A—2.45 X 107-3; 
Curve B—1.25 X 1073. 


0-48 


O06 O32 
CONCENTRATION OF SODIUM FORMATE (MOLAR). 


Fra. 2, Concentration of lead in gram ions per liter: Curve A—0.13 X 107-2; 
Curve B—0.24 X 10-2; Curve C—0.39 X 10-2; Curve D—0.87 X 107. 
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ANTIMONY. 


O10 020 030 
CONCENTRATION OF SODIUM FORMATE (MOLAR). 


Fic. 3. Concentration of antimony in gram ions per liter: Curve A—0.25 X 107°; 
Curve B, 0.49 X 10-3; Curve C—1.23 X 107-8; Curve D, 1.96 X 107%. 


BISMUTH. 


O45 


re) O15 030 
CONCENTRATION OF SODIUM FORMATE (MOLAR). 


Fic. 4. Concentration of bismuth in gram ions per liter: Curve A—0.32 X 10°; 
Curve B—0.70 X 10-3; Curve C—1.50 X 107%. 
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CONCENTRATION OF SODIUM FORMATE (MOLAR). 


Fia. 5. Curves as in aqueous solution. 


antimony, and lead, the overcurrents of tin were only gradually suppressed 
over a relatively large concentration range. 

It was discovered that if an arbitrary choice of some linear function 
which would suppress the overcurrent, is made and plotted on the curves 
found for aqueous solution (Fig. 5) and the resultant of the two curves 
drawn, the curves obtained are identical in form to those plotted in Figs. 
2-4. The linear function which suppresses the overcurrent is believed to be 
the increase of monomeric formic acid molecules with increasing sodium 
formate concentration. 

According to the theory of Antweiler (9) and von Strackelberg (10), the 
overcurrents observed in this investigation would be due to streaming of the 
electrolyte caused by the presence of the mercury-solution interface of 
formate ions, these negative ions having been attracted there by the posi- 
tively charged mercury drop. With increasing concentration of the formate 
ion the streaming increases, causing a correspondingly higher value of the 
overcurrent. The cations of the supporting electrolyte, in this case sodium 
ions, tend, however, to block out the electroreducible species at the mer- 
cury-solution interface. The effect on the overcurrent is such that after its 
initial increase, it passes through a maximum value and decreases. This 
explains the phenomenon noted by previous workers (3-6) and also in this 
investigation, that the supporting electrolyte concentration required to 
give the maximum overcurrent value is directly proportional to the electro- 
reducible ion concentration. The higher this electroreducible ion concen- 
tration, the higher must be the supporting electrolyte concentration to 
cause a decrease in the overcurrent. A very much larger supporting electro- 
lyte concentration would be required before the indifferent cations are 
present in such excess as to shut out the electroreducible species completely 
and so suppress the overcurrent. In formic acid, however, there is the added 
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effect of monomeric formic acid molecules, which, being readily adsorbed 
at the mercury-solution interface, tend to shut out the electroreducible ions 
to a much greater extent, causing the suppression of the overcurrent at low 
supporting electrolyte concentrations. 

If the behavior of antimony ions be cited as an example (Fig. 3), it can be 
seen that increase of the electroreducible ion concentration causes at first 
an increase in the maximum overcurrent and then a decrease, the latter 
being almost nonexistent at high electroreducible ion concentrations. This 
effect can be explained by consideration of Fig. 6. The concentration of 
indifferent electrolyte at the maximum overcurrent increases on increasing 
the concentration of the electroreducible ion. The maximum overcurrent 
consequently moves more towards the depreciating straight line which has 
correspondingly a higher value, giving rise to resultant curves with lesser 
values for the maximum overcurrent. To this must be added the fact that 
the rate of streaming must itself reach a maximum value owing to increase 
of the viscosity of the solution. (The viscosity of a 0.5 M sodium formate- 
formic acid solution is 22.1 millipoises (11), over twice the value for an 
aqueous solution of the same sodium formate concentration.) Thus in 
Figure 6 the maximal overcurrent value increases because of a greater 
rate of streaming, due to increase in the sodium formate concentration 
(curve B is higher than curve A). At curve B, however, the rate of stream- 
ing has reached its maximum value and on further increase of the support- 
ing electrolyte concentration to curve C a slight decrease in the streaming 
- rate, and consequently a decrease in the maximal overcurrent, is observed 
owing to the greater viscosity of the solution. 


RATIO B 


CONCENTRATION OF SODIUM FORMATE 


Fic. 6. Schematic representation of the decrease in ratio B on 
increase of the electroreducible ion concentration. 
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The poor reproducibility of the measurements of ratio 6 made for tin 
ions was due partly to a very pronounced decrease in the diffusion current 
as the sodium formate concentration was increased. This lowering of the 
diffusion current was due to the formation of a formato-stannous complex 
formed by tin, in the presence of formate ions (2). The anomalous behavior 
of the overcurrents of tin, in that they were not sharply suppressed on 
increasing the supporting electrolyte concentration has not been explained. 
In the formation of a formato complex, tin is unique amongst the four 
elements investigated, and it is possible that its unusual behavior may be 
due to this factor. 
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ABSTRACT 


The processes of filling and emptying single capillaries have been quantitatively 
considered for a wetting liquid for capillaries in the form of cones, wedges, double 
cones, hollow spherical caps, cylinders with hemispherical ends, and the pore space 
between solid cylinders and spheres. A quantitative examination has been made of 
hysteresis involving several kinds of rigid capillaries with reentrant angles. The 
isotherms have been calculated, irreversible work and entropies associated with 
the hysteresis have been evaluated, and the scanning behavior of groups of capil- 
laries has been indicated for typical pore systems. In such pore systems the domains 
of Everett and Enderby are clearly connected with the pores with reentrant angles. 
The domains for such rigid pores should normally be noninteracting. 

Condensation isotherms in cone- or wedge-shaped capillary systems, or between 
solid cylinders, may lead to isotherms having the contour of Types III, IV, or V 
in Brunauer’s (1) classification. Thus capillary shape may be a factor in explaining 
the form of sorption isotherms. 


1. Introduction 


Analysis of pore distributions in microporous sorbents is often made in 
terms of Kelvin’s equation 


Po ie 


[1] 


where r denotes the radius of curvature of a hemispherical meniscus of a 
liquid having a surface tension o and molecular volume V,. A plane sur- 
face of the liquid exerts a vapor pressure Po and the hemispherical meniscus 
a vapor pressure p. However, many menisci cannot be spherically sym- 
metrical, for example, those formed between parallel plates, in wedge- 
shaped cavities, or around points of contact between separate particles. 
Indeed, in many rea] menisci the two radii of curvature must be opposite 
in sign. Inspection of the literature shows a number of discussions of capil- 
lary condensation (2-6), but these are fragmentary and not always correct 
‘ef. Section 2g), and no adequate exploration appears to have been made 
of the shapes of pure condensation isotherms in single capillaries of different 
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forms. Because of this and because of the fictitious character of pore size 
distributions derived by assuming that menisci are always spherically sym- 
metrical (Kelvin’s equation), we have been led to consider condensation 
isotherm contours in individual pores of different shapes. 

Microporous media sometimes possess a characteristic pore morphology. 
Graphite, vermiculite, and montmorillonite consist of flakes and must pro- 
vide many wedge-shaped cavities, and spaces between nearly parallel 
lamellae. Halloysite crystallites are bent round to form hollow cylindrical 
rolls (7). Attapulgite and sepiolite, two minerals with very high gas-sorbing 
capacities, consist of fine laths in a tangled mass (8). Spherulitic crystals 
and particles (e.g., analcite) provide cavities of the type to be expected in 
various packings of spheres (9), for instance, tetrahedral and octahedral 
interstices for close-packed equal spheres. In many gels the cavities and 
pores are less distinctive, and in most systems whether gel or crystal there 
is usually a distribution of capillary sizes and shapes. Nevertheless there 
remains the possibility of substantial homogeneous groups of capillaries 
which may sometimes give the isotherms the form typical of that in a 
single capillary. These contours we shall show are very characteristic of 
the capillary shapes. 

At any point on a meniscus in equilibrium there are two radii of curva- 
ture, 7; and r, . Surface tension then produces a hydrostatic pressure differ- 
ence AP across the interface such that 


ap = o(441). [2] 
T1 To 

The meniscus must have such a form that (1/r; + 1/r2) is constant at — 
every point on its surface. The uniform value of AP then produces a 


change in the vapor pressure of the meniscus-forming liquid from po to p 
such that 


TL T2 


RT In as S (2 zt. 2 [3] 


Equation [3] leads to Eq. [1] for a hemispherical concave meniscus and to 
Cohan’s (10) equation 


Rr eras ia] 
Po r 
for a cylindrical meniscus. The radii 7, and rz are reckoned in the above 
formulas as positive or negative according as the corresponding center of 
curvature is on the vapor side of the surface, or is on the liquid side. 


2. Typical Capillaries Which Fill and Empty Without Hysteresis 


We consider the filling of conical and wedge-shaped cavities, composite 
conical capillaries, tubular capillaries with hemispherical ends, and pockets 
in the form of spherical caps, by a liquid which wets their surfaces. 
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Fra. 1. Cross sections of capillaries, showing significance of symbols used in 
text. 


a. Conical Capillaries. Consider an infinitely deep hollow cone of half 
angle 6. Let r be the radius of a sphere which fits inside this cone and R 
be the radius of the cone at the plane of contact with the sphere (Fig. 1a); 
d is the perpendicular distance from the vertex of the cone to this plane. 
For zero angle of wetting r will be the radius of curvature of the meniscus 
formed inside the cone, at a distance d from the vertex. Since capillary 
condensation will be preceded by the formation of an adsorbed layer on 
the walls of the capillary, the true dimensions of the capillary will be slightly 
different from the above dimensions. However, adsorption is not under 
discussion in any of the capillaries to be considered. 

From the geometry of the cone, at the stage of filling described above, the 
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volume V of capillary condensed liquid is 


ar’ (sin 8 — 1)’ 
Ms ol 2 na 5 
if 3 sin 6 (5) 
where 
2a0V 
r= —— (Kelvin’s Eq. [1]). 
RT ln — 


Equation [5] is valid also for finite conical capillaries within the range 
where a meniscus can form with zero angle of contact with the capillary 
walls. If D is the depth of the cone, 7’, the maximum radius of curvature of 
the meniscus at which this will occur, is 


, sin 6 
cos? 6 


[6] 


At this stage, from Eq. [5], the volume condensed is 


ao) A 2 
6 (sin @ — 1) 
Vee) 
3 cos® 6 


[7] 


For relative pressures p/po greater than that corresponding to equi- 
librium with the meniscus of curvature r’, the remaining volume of the 
cone will continue to fill until at p/po = 1 the cone will be full and the 
liquid meniscus plane. During this phase the radius of curvature of the 
meniscus grows from r’ to ©. For r > r’ we obtain 


V= : [D® tan’ @ — 2r° + +/P — D® tan? 6(2r° + D’ tan’ 6)]. — [8] 
When the cone is full (r = ©, p/po = 1) 
Veat. = ab tan’ 0. [9] 


Equation [1] still defines the relation between p/p and 7, and so the iso- 
therm may be calculated. 

b. Wedge-Shaped Capillaries. We consider a wedge-shaped capillary of 
depth D, and of length L sufficient for the neglect of end effects. Figure la 
may still represent the cross section of the partly filled wedge; r is now the 
radius of curvature of the cylindrical meniscus in the wedge. Then it was 
found for r < r’ (Fig. la) that 


Ves Lr* {cot 0 — 2 + i, [10] 
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while for r’ < r < © 


2 
Mi = 1{D¥ tan 6 Se acre = Dee? 
r 
[11] 


Spade = Di tan 8}. 


In Kgs. [10] and [11] r is given by Cohan’s equation (Eq. [4]). When the 
wedge is just filled 


Vest, = LD? tan 8. [12] 


c. Double-Cone Capillaries. Two forms of double cone are illustrated in 
Figs. 1b and lc. The filling of the cone of Fig. 16 proceeds as follows. 
Formula [5] is valid up to the stage where the radius of curvature, 7; of the 
hemispherical meniscus becomes 7’ in the cone of half-angle 6, . Thereafter 
formula [8] is valid until the radius of curvature is such that a meniscus 
with zero angle of wetting first appears in the cone of half-angle 6. The 
value of r at this stage is Ri/cos 62. From this stage on the volume, V, of 
capillary condensate, is given by 

ar’ (sin 62 — 1)” 


* Ry a 
V= ue aa + 3 (cot 6, — cot 62) [13] 


until the last meniscus is formed which can have zero angle of wetting of 
the cone of half-angle 6 ; r then has the value R2/cos 6. The value of V 
is thereafter 


ae 2 {(D’)* tan” 6. — 2r° + +/r? — (D’)? tan? 6, 


2 1y2 2 3 [14] 
-(2r° + (D’)’ tan’ @) + Ri(cot 6. — cot 6)}, 


where D’ = D — R,(cot 6, — cot 62). In all these relations r and p/p are 
connected by the Kelvin equation. When p/po = 1 and the pore is full, 


a= 5 (D’)® tan? 6 + 5 Rr (cot 6: — cot 6). [15] 


The double cone of Fig. 1c fills in a more complex manner. Capillary con- 
densate may appear not only at the apex of the cone of half-angle , but 
also around the circle of intersection of the two cones. The condensation 
around this circle will be more important the greater the angle 6, . More- 
over the layer of liquid there formed will have two radii of curvature 1 
and ry such that (1/71 + 1/rz) remains constant, but 7 and rz individually 
vary at any point according to the vertical distance of the point above the 
vertex. Eventually both layers of capillary condensate will join, and the 
capillary over a still later stage will fill according to Eqs. like [13] and [14]. 
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d. Capillaries Represented by a Cap of a Spherical Shell. No capillary 
condensation occurs until the relative pressure reaches a value correspond- 
ing to r, in Fig. 1d, according to Kelvin’s equation (Eq. [1]). For r > 7. 
and so for larger values of p/po the volume of capillary condensate is 


V = 2 {2rd — are re — RB? — R’vWr2 — R?) 


e 
16 
— (27? — 2r/P — R? — R’vV/? — R)}. 8 


When the cap becomes hemispherical R = 7, and so 
V= : (QR? — 2r° + 4/7 — RAR’ + 2r’)}. [17] 


e. Cylindrical Capillary with Hemispherical End. For this capillary of 
radius R and depth D no filling occurs until r = R = —20V,/(RT In p/po), 
at which point the volume condensed rises from zero to 


Vi Sig RADE [18] 


At higher relative pressures the amount condensed is given by the sum of 
Eqs. [17] and [18], reaching at p/po = 1 the value 


Vie Dee 208, [19] 


f. Capillary Space Formed by Cylinders in Contact. When two equal 
cylinders of radius R are in contact along their lengths, capillary conden- 
sation occurs along the line of contact to give cylindrical concave menisci 
of radius r (Fig. 1g). Then r is governed by the Cohan equation (eq. [4]), 
and if the cylinders are of length L sufficiently great to neglect end effects, 
the volume of capillary condensate is 


Y= LARVR +re—-R-r (= —2cos” a ) 
R+ yr 
[20] 
— 2R’ cos * z 
R+ yr} 
When p/p = 1, 
Voat. = (4 — r)R?L [21] 


For equal cylinders close packed longitudinally each pore is formed by 
three cylinders in mutual contact. Condensation first occurs at the three 
lines of contact and proceeds according to Eq. [20] until the radius of the 
meniscus, 7, is given by r = (2+/3 — 3)R/3, when the three menisci 
merge. At this critical stage the pore fills completely. 

g. Capillary Space Formed by Spheres in Contact. When two equal spheres 
are in contact, capillary condensation occurs about the point of contact. 
This problem has been discussed recently (10), and the volume of capillary 
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condensate was supposed to be determined by rolling a third sphere having 
a radius r equal to one radius of curvature of the meniscus (Fig. 1h) around 
the point of contact of the two equal spheres. The volume of capillary con- 
densate was thereby defined for any radius of the rolling sphere, and iso- 
therms were calculated. 

This approach can in fact be only a crude one. Both radii 7; and 7 
change as we move along the meniscus from A to B in Fig. 1h. It is only 
(1/71 — 1/| re |) which is constant. Moreover, the points of contact of the 
rolling sphere of radius r with the other spheres do not define the true 
length of AB, since the rolling sphere argument is, as shown, not correct. 
The theory of the filling of the capillary space is rather complex, and is 
outlined in the Appendix. 


8. Capillary Condensation Isotherms 


Whereas various combinations of these types of capillary are possible, 
and more complex systems might also be investigated, the calculations of 
Section 2 may be regarded as typical. Capillary condensation isotherms 
have accordingly been calculated for the filling and emptying of some of 
the capillaries illustrated in Fig. 1, with water at 20°C. 

In Fig. 2a and 6 the fraction of filling (V/Vsat,) is shown as a function of 
relative pressure for a series of conical capillaries. In Fig. 2a, the isotherms 
are shown for cones of constant half-angle, 6 (@ = 10°), and of different 
depths. In Fig. 2b the isotherms are also given for conical capillaries of 
constant depth (200 A.) but varying 6. In Figs. 2c and 2d similar isotherms 
are given for long wedge-shaped capillaries. All these isotherms have the 
form of Type V in the Brunauer classification (1), but the shape approaches 
that of Type III for very deep conical or wedge-shaped capillaries of small 
6, or for shallow but wide-angle capillaries. In Fig. 3a is shown the isotherm 
for a double cone such as that illustrated in Fig. 1b. The isotherm is of 
Type V with a discontinuity. A similar form will be given by a double- 
wedge capillary. 

Condensation isotherms between cylinders have been derived for two 
identical cylinders in contact along their length (Fig. 2e) and also for a 
large number of identical cylinders close packed longitudinally (Fig. 2f). A 
hemispherical pocket, or cylindrical capillaries with hemispherical ends 
give capillary condensation only above a critical relative pressure. This is 
shown in Fig. 3c for hemispherical pockets of 25 A. and 50 A. radius, while 
Fig. 3b shows the curves for cylindrical capillaries with hemispherical ends, 
of total length 250 A. 

Only true capillary condensation has been evaluated in these calcula- 
tions. If the total sorption is considered, a contribution in the form of a 
Type I isotherm would be added to each isotherm in Figs. 2 and 3. For 
small surface areas mono- or multilayer sorption is small in extent com- 
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Fie. 2. Reversible condensation isotherms in capillaries. 


pared with capillary condensation and isotherms will be little changed in 
contour. However, for large total surfaces adsorption will contribute sub- 
stantially to the total uptake of sorbate and the condensation isotherms of 
Types V and III will become adsorption plus condensation isotherms of 
Types IV or II in the Brunauer classification. 


4. Hysteresis 


In none of the capillaries so far discussed will hysteresis occur in a con- 
densation-evaporation cycle. As soon, however, as reentrant angles appear, 
hysteresis may be found (10-12). This view was challenged by Barkas (13), 
who claimed that the properties of the liquid condensed in a pore would be 
reversible. He considered, for example, that on desorption, after filling a 
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Fia. 3. (a) Condensation isotherm in a double cone (Fig. 1b). (6) Condensation 
isotherms in cylindrical capillaries with a hemispherical end. (c) Condensation 
isotherms in pockets of spherical symmetry. (d) and (e) Condensation isotherms in a 
small group of spherical cavities of differing geometry and each cavity with reentrant 
angles. (f) and (g) Condensation isotherms showing the two hysteresis loops asso- 
ciated with the two modes of filling ink-bottle capillaries, depending upon pore 


geometry. 


McBain “ink bottle’’ capillary, a bubble would form in the body of the ink 
bottle, before the pressure had fallen sufficiently for the hemispherical 
meniscus to appear in the neck. The net result according to Barkas would 
be that the bottle would empty by the same path as it filled. However, if 
such a bubble formed it would at first have a smaller radius of curvature 
than that of the meniscus and so would be metastable and should be con- 
sumed again. This latter view was considered correct by McBain (12). Only 
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if the condensate contained volatile dissolved gas could such an embryo 
bubble grow. 

We may now consider the spheroidal cavity of Figs. le and 1f. As the 
relative pressure is increased no capillary condensate will form until a 
critical pressure is reached defined by the Kelvin equation RT In p/po = 
—2cV,/r-, where r. is the radius of the sphere of which the capillary is 
the cap. At this pressure the capillary will fill to give a spherical meniscus 
of radius of curvature r, (Fig. 1¢). If the radius of the mouth of the capillary 
is R, then at this stage the volume of condensate is 


V.= > (are + 2R%)V/r2 — R?. [22] 


From this point on the radius of curvature 7 increases as p/ ‘po rises, so that 
the volume of condensate is 


V.= 2 (or? + (2r2 + RB) WV r2 — R?— 2r° + (2r + RB’)? — BR}. [23] 
Eventually when p/p) = 1 and sor = ©, this volume becomes 


Vous. = {2re? — (re + R))-Vr? — Ri}. [24] 
The emptying process, however, follows a different path. As p/po de- 
creases, so does r the radius of curvature of the hemispherical meniscus, 
until it takes the value R, as shown in Fig. If. Any further removal of 
condensate as the pressure is lowered still more must increase r again. 
Thus, after this stage has been reached any lowering of p/p results in com- 
plete evaporation of the condensate. In this critical state the volume of 
condensate is 


Ve =F (rd + Ord + RY Vig = B — 2B}, [25] 


At the two critical stages, the one for forming condensate (Eq. [22]) and 
the other for removing condensate, 


(Veire Vilom a1 Ore = RIV te Rt a 2teat 2R lial 
The relative pressures at which the capillary fills and empties, respectively, 


are then 
2 = exp — 20V 1 | - = _ 20Vr 
( RG me oie pie RR. 


_It follows that the area, A, of the hysteresis loop is approximately 


(Va y { 2aV 2aV 
7 Nps ng siete all A poe ae pe cee 
ex r RT exp R( . 


[27] 


CAPILLARY CONDENSATION IN SINGLE PORES 489 


The breadth of the hysteresis loops is thus related to pore geometry by 
the difference between r, and R, and is zero when r, = R. The irreversible 
work W and entropy W/T associated with the hysteresis phenomenon can 
be calculated by plotting the amount sorbed in moles against RT In p/po 
in calories, and finding the area of the loop. The work approaches 


aes Na ate Na fra 2oVy, 2oV 1, 
a | tell |. [28] 


where n, and mq are the number of moles condensed at p, and pz , respec- 
tively. 

Another simple form of capillary which exhibits hysteresis is a long 
troughlike capillary, open at both ends, of length L and with cross section 
as in Fig. le. Condensation first occurs at the pressure given by RT In 
p/po = —oV,/r- , when the volume condensed is given by 


= Lar? — 2r? sin 3 + 2RvV/7r2 — re. [29] 
Above this relative pressure the volume of condensate is given by 


Vie = 1 are Sai sin? * 
3 [30] 
+RVr2 —-R- 9” in 8 = RVE aR, 


where r is governed by the Cohan equation 
Vat. = Lar! ere sin > +R r2 — RY. [30a] 


Desorption occurs according to Eq. [80] until 7 = R when the pore empties 
completely. 

The ‘ink bottle” capillary discussed by McBain and Kraemer may be 
considered quantitatively as a third possible instance of hysteresis (Fig. 12). 
Depending upon the relative dimensions of 7, and R there are two mecha- 
nisms of filling. 

a. 2R > r.. Condensation first occurs when the relative pressure corre- 
sponds to a meniscus 7, as given by the Kelvin equation. The capillary then 
fills until the volume condensed is 


Va == {(4r2 + 2R’)V/r2 — R? + 3B} [31] 


lid 
3 
where I denotes the length of the neck of the ink-bottle. 

For higher relative pressures the meniscus fills according to the sum 


of [31] and [16]. 
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b. 2R < r,. Condensation begins in the neck of the ink bottle of radius 
R, the condensation pressure being governed by the Cohan equation 


(RT In p/po = —oV,/R). At this pressure the capillary will fill until 
Vie {sR — 2 [ar /P — RAR’ + 2, [32] 
where RT In p/po = —20V,/r and so r = QR. Thereafter the filling is 


governed by the Kelvin equation, and until r = r. the volume condensed 
is related to the meniscus radius by Eq. [32]. At this point the whole bulb 
will fill, and the volume condensed will be given by Eq. [382] with r = r. 
together with an additional term 46nr,, which leads back to Eq. [31]. For 
still higher relative pressures filling proceeds according to the sum of Eqs. 
[31] and [16]. 

As p/po falls the desorption process occurs by a decrease in the radius of 
curvature of the meniscus in the narrow neck of the ink bottle until a 
hemispherical meniscus of radius R appears, the pressure being that given 
by Kelvin’s equation. At this pressure the system is no longer stable, and 
any further reduction in p/po results in the complete emptying of the ink 
bottle. Thus a hysteresis appears which is different according as 2R Me 
or 2R < r,. In this latter case the filling of the ink bottle involves two 
discontinuous stages and its emptying only one such step. Calculated 
hysteresis loops for the two cases are shown in Figs. 3f and 3g. 

The irreversible work and entropy associated with the hysteresis loop 
may readily be computed from Eq. [28]. Some values obtained for spheroidal 
cavities are shown in Table I, the numbers of spheroidal cavities being 
chosen so that the amount condensed when p/po = 1 is a mole. Table II 
lists similar quantities for trough-shaped cavities. Values of W and of 
W/T have been obtained for hysteresis in montmorillonite (14) and in 
potassium benzene sulfonate (15), but these measurements referred to 
amounts of sorbent which cannot be directly compared in terms of capil- 
lary volume or structure with each other or with the cavities of Table I. 
At least part of the hysteresis was moreover associated with lattice changes 


TABLE I 
Trreversible Work and Entropy for Isotherms of Water at 20°C. in Spheroidal Cavities 

(Fig. 1e) 

H20 at p/po = 1) (e.u.) 

50 10 503 a2 

50 20 188 0.64 

50 30 84 0.29 

50 40 25.4 0.087 

100 30 147 0.50 


200 30 179 0.61 
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TABLE II 


Irreversible Work and Entropy for Isotherms of Water at 20°C. in Troughs with Circular 
Cross Sections (Fig. 1e) 


Work, W (cal. for Ww 

re (A.) R(A.) eect capilaey Entropy S = a 
20 at p/po = 1) Can 
es we 249 0.75 
oe 90 0.27 
20 37 0.11 
50 40 15.5 Ge 
AD 30 71.6 Wes 
ce ol 89 0.27 


in the sorbent. Everett (16) has also recently considered the irreversible 
entropy arising from hysteresis in the benzene-charcoal system. 


5. Scanning Behavior 


Although there can be hysteresis in a single capillary, for no single capil- 
lary will scanning curves be found. There must, for the isotherm to exhibit 
scanning behavior, be a range of capillaries each giving a different hysteresis 
loop. The scanning behavior can be investigated for a series of spherical 
cavities such as that shown in Fig. le.and f. Firstly, 7, was taken to be con- 
stant at 50 A., while R was given the values 10, 20, 30, 40 A. The isotherm 
is shown in Fig. 3d, it being assumed that there are equal numbers of cavi- 
ties of each kind. All cavities fill at one relative pressure, but each group 
empties at a different pressure. Scanning is possible only during sorption 
following partial desorption, as indicated in the figure. The number of 
possible scanning curves is the same as the number of different capillary 
types. 

A complementary behavior was found when R = 30 A. was taken to be 
constant for all capillaries, and r, was assigned values of 50, 100, and 200 A. 
For equal numbers of cavities the isotherm contour is given in Fig. 3e. The 
filling of capillaries occurs in a series of steps, but the emptying takes place 
at one pressure only. Again the number of possible scanning curves is 
equal to the number of different kinds of capillary, but scanning can be 
observed only on desorption after partial filling of the capillary system. 
Similar isotherms are shown in Fig. 4a and 4b for equal lengths of trough- 
like cavities with circular cross sections. 

If both R and 7, are varied, both sorption and desorption take place in 
steps, and if the number of capillary types becomes large, the stepwise 
hysteresis loop will be replaced by one with continuously sloping sorption 
and desorption branches. Moreover, scanning will be possible at any stage 
either of condensation or of desorption. This is the behavior normally ob- 


served (17, 18, 16). 
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Frc. 4. Condensation isotherms in a small group of open-ended troughs of differing 
geometry, each trough with reentrant angles. 


6. Discussion 


Isotherms obtained for permanent gases in ‘‘Vycor’’ porous glass at 78° 
and 90°K. show hysteresis loops in which the desorption branch is very 
steep while the condensation branch is more sloping (19). This behavior 
tends to be that shown in Fig. 3e. The quantitative formulation of Section 
5 then indicates that the hysteresis loop in porous glass is compatible with 
a distribution of pockets, or of drainlike channels, with reentrant angles, 
the cross sections of which are idealized in Fig. le or 17. These capillaries 
must, however, be characterized by a diversity of bulb diameters together 
with openings which control desorption and which are rather uniform in 
dimensions. Thus desorption occurs over a narrow range in p/po , but not 
condensation. 

Hysteresis has recently been considered in formal and general theories 
which require the existence of domains with different properties (20-24). 
In hysteresis associated with capillary condensation the domains evidently 
have physical reality if they comprise condensate in capillaries possessing 
reentrant angles. In condensation in micropore systems it is possible and 
even probable that in rigid micropore sorbents such domains do not interact 
perceptibly so that the situation resembles more nearly that discussed by 
Everett (20-22) than that treated by Enderby in his latest paper (24). 

Only when capillaries are predominantly of one form will any reflection 
of their special geometry be likely to appear in the condensation isotherms. 
For example, it will be generally true that micropore systems involving 
only simple wedge- or cone-shaped capillaries will exhibit no hysteresis and 
will tend to be of Types III, IV, or V. This may be a more realistic inter- 
pretation than one based on multilayer formation restricted to a finite 
number of layers. Isotherms of Type V may also arise quite independently 
of either capillary condensation or restricted multilayer formation, and 
when the amount sorbed is less than a monolayer (25). Such an isotherm 
contour is found in the water-charcoal system for sorptions less than a 
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monolayer, and can be attributed to lateral interaction between adsorbed 
molecules (26). Attention is thus directed to the need to measure more than 
isotherm contour in interpreting the processes involved. 

In the calculations of isotherm contours given in the preceding sections 
we have used the normal bulk values of V, and of «. Direct measurements 
of these quantities have not been made down to such low capillary radii, 
although it has been suggested that liquid densities are approximately 
normal in capillaries of ~30 A. radius (27). A recent estimate of self poten- 
tials of molecules in very thin liquid-like slices has shown that these poten- 
tials assume values similar to those in bulk liquid or at the interface of that 
liquid when the slices are only a very few molecules thick (3 to 5 layers) 
(28). This in turn suggests that the surface tension may also be not very 
different in such multilayer slices from what it is for bulk liquid. Thus, 
whereas V; and o may in general not have exactly the same values for small 
aggregates of molecules as for large ones, these values should at least be 
comparable. Similarly whereas the idea of radii of curvature, 7, of menisci 
may lose precision on a scale such that amplitudes of thermal vibrations 
become appreciable compared with r, we think that effects qualitatively 
similar to those calculated will arise. We have thus in some cases carried 
the calculations down to very small pore radii to show the general trend of 
the isotherms. The distortion of the menisci by gravity has not been con- 
sidered. For small capillaries, except when p/p) — 1, (and so AP > 0), 
such distortion is likely to be insignificant. Finally one may note that 
_ hysteresis can arise from causes other than the occurrence of rigid pores 
with reentrant angles. It may for example be associated with structural 
changes in the sorbent (29, 14, 15). 


APPENDIX 
Condensation in Space between Two Spheres in Contact 


In the case of condensation between two spheres of radius a shown in 
Fig. 5 we have from Eq. [2] 


Fria. 5. The geometry of filling of the space between two spheres in contact. 
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where ) is a constant for any fixed value of p/po. By a standard procedure 
it follows that 

Mu 
i Ck 
where y! = dy/dx and y” = @y/da’. 


il 
r -. 
y 


Accordingly 
=i i [+a 
5) a+" y) 
1.€., 
1 
- To = hy + Iny + const. [33] 
Since y; = a sin 0 
1 ; 
NY1 ik In Yi ap const. = — Py RE SS: = — gin @. [34] 
Thus from [33] and [84] the general equation of the curve AB is 
i Yi : 
= Ky, — y) +In=— + sine, 
anne Yin y 
and therefore 
1 1/2 
ee ¢ eee : BY3) 
‘ a 0+ XY — y) + In (H/y)P } Be 


Integration of Eq. [35] from yo to y: then gives 


YL dy 
ees or = a — 2008 8. [36] 
i (1/[sin @ + AQ — y) + In (q/y)P? — 14°” 

For fixed values of \ and @ this integral can be found graphically; is 
known for any value of p/p and hence by trial and error the value of @ 
can be found which satisfies Eq. [36]. When 6 and hence 2; have been deter- 
mined, the volume of condensate for fixed \ is given by 


Vv 


Zy Ly 
22m | y' de — 220 | [a — (a — x) dex 
0 0 


=a [Ya — 4x (ax? - 2) 
oe mitre 
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INTRODUCTION 


The rate of fall of an isolated solid particle through a fluid and under 
the influence of gravitational and frictional forces has been described by a 
number of empirical laws, each a valid approximation within a certain 
range of conditions. In all instances the rate of fall varies with the particle 
size and the difference between the particle density and the density of the 
fluid. Sedimentation of an inhomogeneous batch of particles accordingly 
results in the segregation of particles of different sizes and densities. The 
occurrence of such segregation in dilute suspensions has indeed been used 
for the grading of particles and in particle size analysis (see, for example, 
ref. 1). 

However, there are many instances, particularly in the technical arts, 
where suspensions of an inhomogeneous nature settle with no segregation 
and indeed with a sharp line of separation between the supernatant liquid 
and the precipitate (2). Such settling is referred to as collective sedimen- 
tation. Typical examples occur in the process of clarification by sedimenta- 
tion in the sugar industry. 

Figure 1 represents successive photographs of a test tube in which a 
clarified sugar cane juice has been allowed to settle. The photographs were 
taken, respectively, 4, 1, 2, 3, 5, and 20 minutes after the settling com- 
menced. The precipitate, which appears black in the photographs, consists 
of particles of insoluble calcium salts of phosphorie, silicic, and aconitic 
acids and perhaps smaller amounts of other organic acids mixed with parti- 
cles of wax, coagulated protein, and certain polysaccharide present in the 
juice. The particle sizes range from 10 up» to 5 yu. In spite of this large 
range in sizes practically all the particles settle together and indeed the 
line of demarcation between supernatant liquid and precipitate becomes 
sharper as settling proceeds. It is obvious in this instance that we are dealing 
with a relatively concentrated suspension. 

In such concentrated suspensions it is to be expected that the rate of fall 
of any particular particle should be modified by the fall of other neighbor- 
ing particles. Bikerman (ref. 3, page 315) has listed mechanisms whereby 
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such interaction can take place, and Kynch (4) has drawn some purely 
deductive conclusions on the possibility of the occurrence of critical phe- 
nomena during sedimentation of an incompressible solid. 

The most comprehensive experimental study is that recorded by Steinour 
(5), who studied the rate of subsidence of slurries of spheres, angular par- 
ticles, and loose flocculated aggregates of varying sizes. He gave a semi- 
empirical expression for the initial rate of subsidence of the slurries expressed 
as a sub-multiple of the free velocity of settling of an isolated average-sized 
particle falling under Stokes’ law and obtained information on the amount 
of liquid immobilized by various-shaped angular and flocculated particles. 
However, the concept of the Stokesian velocities for the representative 
average-sized particle is not the type of property readily measurable for an 
ordinary slurry and the existence of many hundreds of sets of photographs 
of the type shown in Fig. 1 prepared the ground for a purely empirical 
study of the kinetics of sedimentations in terms of measurable properties of 


the slurry itself. 
EXPERIMENTAL 
Steinour’s work, quoted above, shows that there are two important facts 
concerned with the rate of settling of slurry. These are: 


1. The free rate of settling of the average-sized particles. 
2. The total volume of the solid with due allowance for stagnant liquid 


immobilized between the particles. 
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The first factor in this set will clearly be related to the rate of settling at 
some standard state of dilution and thus standard state of interaction be- 
tween particles. 

The second factor is equally clearly related to the ultimate volume of 
the mud sediment after infinite time. 

The empirical measurements of the volume of mud at five or six succes- 
sive times could accurately be used to extrapolate to infinite time when it 
was found that the plot of the volume versus the reciprocal of the time 
tended to linearity in a very large number of instances. 

Further the subsiding layers of mud are all in a comparable state of dilu- 
tion when they reach a volume which is some fixed multiple of the final 
volume. The time taken to reach twice the final volume may perhaps be 
called the half-life time of the precipitate. 

From these two measurements the kinetic properties of any particular 
batch of settling mud can then be expressed as a relation between dimen- 
sionless quantities: 


x = the ratio of the volume at time ¢ to the volume at infinite time, 
and 


y = the ratio of the actual time of partial settling ¢ to the half-life time. 


© 


RATIO VOLUME TO FINAL VOLUME. 


t 2 3 
RECIPROCAL TIME OF SETTLING TO STANDARD TIME. 
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RESULTS 


The experimental relation between the dimensionless quantities x and y 
proves, as might have been anticipated, to be an hyperbolical one. 
~ Figure 2 shows 2, or the ratio of volume to final volume, plotted against 
the reciprocal of y, or the ratio of the actual time of settling to the half-life 
time. Although the figure shows a considerable scattering of points, the 
linear relation between the variables is apparent. 

For the line of best fit we have: 


_ 0.95 
y 


as an empirical expression for the kinetics of collective sedimentation. 


x—)l 


Discussion 


The empirical law (Eq. [1]) connecting the relative volume (x) of the 
precipitate with its relative life period (y) may readily be differentiated to 
give an expression for the rate of settling at any particular stage. 

For a liquid settling in a tube of constant sectional area an alternative 
expression for x reads: 

h 

hes 

where h is the height of the top of the precipitate at any time ¢ and hq is 
__the final height. The variable y correspondingly becomes 


x= 


y=®M, 


where 2 is a measure of the rate of settling in some standard state and as 
such is related to the mean particle size and average particle shape. Equa- 
tion [1] now becomes 
hy 0.95 
Re pats 
or the v = dh/dt, the velocity of settling at time ¢ becomes 


1.05(h — eae 
= 2 
3 vh,, 


The concentration C of the suspension is related to the ratio of ha to h 
and if the final volume, because of water immobilized between particles is 
some multiple & of the true volume of the suspended particles, we have 


and Eq. [2] becomes: 


y= 105 he é a 1) [3] 
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and may be compared with the Powers’ (6) equation developed for the 
sedimentation of cement pastes. Powers’ equation reads 


_ 0.2 gdp (1/C — k)* 


—_— > 4 
og? ig LCE 4] 
where 
o = the specific surface of the particles, 
Ap = the density difference between solid and fluid, and 


n = the viscosity of the fluid. 


Equation [3] differs from [4], however, in that all the terms concerned are 
directly measurable from the kinetic behavior of the slurry itself. 
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The energy of molecules in an interface, like that of molecules generally, 
consists of two parts: the kinetic energy depends on molecular motion, and 
the potential energy on the relation in which a molecule stands to the other 
molecules in the system. In this paper we consider only the potential 
energy. We shall review briefly, and in some respects extend, the theories 
hitherto advanced. 


The Energy of Adsorption on a Plane Surface 


Let a molecule be placed at a point P (Fig. 1) which is at a vertical 
distance d above the plane surface of a condensed phase containing nq 
molecules per cubic centimeter. It is clear from Fig. 1 that its energy of 
interaction with all the molecules in the condensed phase is 


® = 2rnz I oo dz en ¢(a)ada, [1] 


where ¢(a) is the energy of interaction of the molecule placed at P with 
an isolated molecule of the kind appearing in the condensed phase. This 
we shall take to be given by Mie’s equation (1) 


g(a) = Aa” — Ba™, [2] 


where n and m are integers (n > m), and A and B are constants. Then 


pes Ase retort rea SB ee 
pete (n — 2)(n — 8) d™3 (m — 2)(m — 3) dv 
If we ignore the energy due to repulsion, and take m = 6, we obtain 


TN B 
“ 4 
6a [4] 
This is the result obtained by F. London (2), and successfully applied by 
him to compute the energy of desorption of various gases from charcoal. 
His well-known dispersion theory allows of an independent evaluation of 
B. Among the striking experiments confirming London’s theory may be 
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_ Phase 


Adsorbent. 


Fic. 1. To determine the interaction energy of a molecule of gas with a solid, when 
the molecule is at a vertical distance d above a plane surface. 


5 Gas Phase 


Adsorbent. 


Fig. 2. A molecule adsorbed in the plane of the surface, above a hemispherical 
cavity. 


mentioned those of R. M. Barrer (3) (hydrogen on graphite) and W. J.C. 
Orr (4) (argon on potassium chloride). 
The Energy of Adsorption on a Hemispherical Cavity in a Plane Surface 


When a molecule is centrally situated on a hemispherical cavity in an 


otherwise plane surface (Fig. 2), its energy of interaction with the con- 
densed phase is clearly 


® 


21a i o(a)a'da 


——) Darn | A . : — B . 1 
“L(n — 8) d=* (m—8) dm |" 
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If we again ignore repulsion and take m as 6, we find 


at 27N.B 
3a8 ’” 


which is four times as great as the former result (J. H. de Boer and J. F. 
H. Custers (5)). The force attracting a molecule to a curved surface is thus 
greater than that attracting it, at the same distance, to a plane surface. If, 
therefore, a surface thought to be planar is in fact marred by cracks and 
crevices, adsorption first occurs in them. As the fissures are gradually filled 
up, there is progressively more adsorption on the flat surface, and the heat 
of adsorption consequently gets smaller. J. K. Roberts (6), however, has 
shown that the experimental heat of adsorption from a plane surface in- 
creases as the surface becomes more and more covered. The two effects 
are in opposite directions, and taken jointly can account for the fact that 
the heat of adsorption in certain instances passes through a minimum (7). 


& = [6] 


A Comparison of the Two Energies of Adsorption 


Equations [3] and [5] hold for arbitrary values of the distance d. The 
nearest distance to which a molecule can be drawn to the surface is given 
by the equation 


ete hOB 
in the planar system, and 
n—m __ A 
a" =F [8] 
in the hemispherical system. The corresponding minimum energies are 
271 B b 1 1 | 
fy = —————_]} | —— > - 2 [9] 
hte By de” Vie) Seats) , 
and 
27a B 1 1 | 
aa ene ey SET | 10] 
eo eee E =3) @m—8) 
Hence 
&) (curved) D [2 2 | (Ca 11] 
By (planar) (n — 2)m-% 


This ratio is smaller and more exact than that found using arbitrary values 
of d. Thus, for example, with m = 6 and n = 9, the ratio is 16/7 = 2.29. 
The Frequency of Vibration of an Adsorbed Molecule 


By expanding ® — %) in a power series of (d — do), the gain in energy 
when the adsorbed molecule is displaced slightly from its equilibrium posi- 
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tion is found to vary in proportion to (d — dy)?. Its motion in the dimension 
normal to the surface is consequently a simple harmonic vibration, with a 
frequency in the planar model given by 


pie ely eee [12] 
Qdo p 
where \y) = —o, and p is the mass of the adsorbed molecule. 


The Energy of Cohesion between Planar Surfaces 


Instead of the molecule indicated by P in Fig. 1, let us consider a number 
of molecules placed in a horizontal slab of thickness éd and of extension O 
cm. at the same height d from the surface of the condensed phase a. The 
number of molecules in the slab is Ongéd, where ng is the concentration of 
molecules in the upper phase. The total interaction energy between all the 
molecules in one phase with all the molecules in the other phase is 


u = | ens 06d, [13] 
d 
where ® is given by Eq. [3]. Hence 


A 1 


U = 2mmE—aG a HESD 


[14] 
— <= joe Bias ae . ——— 
(m — 2)(m — 3)(m — 4) =), 


The nearest distance to which the two phases approach is given by the 
equation 

_ (m — 2)(m — 3) A 
ee) | Cea) a oa 


and the minimum potential energy of the system is 


ay (n — m)27nang BO 

(m — 2)(m — 3)(m — 4)(n — 4)dg~“ 
where b is a positive constant. This is the energy of cohesion. The reference 
state of zero energy is that of the isolated phases at an infinite distance 
apart. An expression resembling Hq. [16] has been derived by T. 8. Wheeler 
(8), who regarded it, however, as only one of three components in the total 
interaction energy. 

We are now in a position to calculate the excess potential energy, U. , 
which a pure substance possesses when it exists in two phases, separated 
by a plane surface of area O, over the sum of the energies of the two isolated 
phases. It follows from Eq. [16] that 


U, = (ma — mg)*b0. [17] 
An equation of this form has been derived by R. H. Fowler (9). 


do” 


[15] 


Uo = 


= —bnang0, [16] 
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The excess energy due to the creation of an interfacial area of extent O 
between two phases of different substances is 


(Giz == (Oceita” + beane? = 2bapnang)O. [18] 


When m = 6 and the forces of attraction are due to dispersion, the con- 
stants 6 can be calculated using London’s theory (2). 


The Surface Tension of a Pure Liquid 


When a liquid is in thermal equilibrium with its vapor, the excess free 
energy per unit area of surface is numerically equal to the surface tension. 
In the absence of thermal motion, the free energy equals the total energ ey. 
Hence the extrapolated value of the surface tension at 7 = 0 is 

U, 
Yo = ~ = (na — Ng)"d. [19] 

O 
When the concentration of molecules in the vapor phase can be neglected, 
we have 


On using Eq. [16], we obtain the result 
= ee 
Ce Dae aa a a 


Hildebrand, Wakeham, and Boyd (10) have shown that n = 9 and m = 6 


for mercury. Hence 
2 
wr \ NB 
= ee eee ee 21 
ie () dy? 21] 


Moreover, for this liquid, B = 4.90 X 10-8 erg-cm.® (11) and dy) = 1.944 A. 
The computed value of yo is thus 344 ergs/cm.?. 

By applying to molecules in the surface layer, and in the ihe immedi- 
ately beneath it, the radial distribution function established by Hildebrand 
for the liquid, G. Jura (12) calculates an excess surface potential energy of 
500 ergs/cm.?, in closer agreement with the experimental value of yo , 
which is 463.6 ergs/cm.? (13). 


Stefan’s Ratio 


J. Stefan (14) argued that the energy gained by a molecule on being 
transferred from the bulk of the liquid to its surface must be equal to the 
energy gained during a further transfer from the surface to the vapor. His 
argument has been corrected on theoretical (15) and experimental (16) 
grounds. The ratio of the excess energy for molecules in the surface to the 
latent heat of vaporization has been given an extremely simple interpreta- 


[20] 
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tion in terms of the coordination numbers in the interface and in the bulk 
liquid (17). Another means of arriving at Stefan’s ratio is provided by the 
general theory of intermolecular forces. 

If the molecules in a fluid are uniformly distributed, and fluctuations in 
the concentration Nq are ignored, the total potential energy of Va molecules 
of a liquid is 


U = 2rN te / $(a)a’da. [22] 


On using Mie’s equation [2], the minimum value of U is found to be 
21NataB i! 1 
ive eee ee 
ag Ee = 3) = a Be 


where 
i~—— =. [24] 


The excess energy ascribable to a surface of extension O cm.? is found from 
Eqs. [16] and [17] to be 
Qrn2(n — m)BO 


Us = Gn = Den =S\n = Dae ae 25) 


where dp is given by Eq. [15]. The ratio of the heat of vaporization (at the 
absolute zero of temperature) to the excess energy due to the surface is 
thus 


Uo Nig Ody _ — —_ ae 
_ Uo _ (Na/Ods) , (m — 2)(m — 4)(n Je 6] 


Ue Ne (n ae 3) 


The first term on the right-hand side is clearly unity. Hence, Stefan’s ratio 
becomes 


Uo Gale m — 3\(2= 
ey dee yee 4 ea 4 UY be! n—m het eis n—m 
Ue ai Saya) (BE) (MBean tz 
With m = 6, we thus anticipate ratios in the neighborhood of 1.91 (n = 9), 
2.60 (n = 12), and 3.12 (n = 15). These agree with the experimental 
ratios, as given by R. Haul (18) and H. Volkmann (19), which are 2.20 
(He), 2.37 (Ne), 2.38 (A), 2.15 (Hg), 3.10 (C82), and 3.20 (CCl). 


This article has been written as a tribute to Sir Eric Rideal. While writing 
it, I had also inevitably in mind the memory of his friend, the late Sir 
J ohn Lennard-Jones. It has been one of the author’s greatest privileges to 
enjoy over a number of years a close collaboration and friendship with both. 
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ABSTRACT 


Light-scattering measurements are described on branched polystyrenes prepared 
by a bromination growth technique designed to produce polymers of known structure. 
The molecular weights and dimensions calculated from light scattering have been 
correlated with the structures predicted from the conditions of polymer synthesis. 


INTRODUCTION 


Attention has been drawn recently (1) to the paucity of precise experi- 
mental information yet available on the influence of branching on the physi- 
cal properties of polymer molecules. This is largely due to the difficulty 
of producing, for investigation, suitable samples of branched polymers 
without introducing the added complication of any crosslinking (2, 3) and 
to the difficulty of determining with any precision the nature and extent of 
the branching effected. 

Several methods have been described recently (1, 4-6) by which it is 
possible to synthesize branched vinyl polymers or graft copolymers fairly 
readily. The primary aim of one of these methods (1) was to make available 
some well-characterized samples of branched polystyrene so that the 
physical properties of the branched polymers, with particular reference to 
light scattering, could be compared with those of the linear species. 
Branched polystyrene was obtained by brominating polystyrene photo- 
chemically and subsequently irradiating the brominated product in the 
presence of fresh monomer. This paper reports the results of light-scattering 
measurements on some branched polystyrenes previously prepared (1) in 
this way. 

MATERIALS 


The experimental procedure for the bromination of polystyrene and for 
the branch-growth polymerization has been previously described (1). The 


1 Present address: Ontario Research Foundation, Toronto. 
* Present address: Weapons Research Establishment, Salisbury, South Australia. 
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starting material for most of the branched polymers was a commercial 
polymer designated X (7). From this were derived the brominated poly- 
styrenes A, C, and E, from which in turn were obtained branched polymers 
Al, Cl, E83, and E4. A second sample of polystyrene used as a starting 
material was a laboratory preparation, Y. This was a first fraction (25 %) 
from a polystyrene prepared photochemically from the pure monomer at 
25°C. using 1-azo-bis-1-cyclohexanonitrile (0.1 g./l.) as initiator, the poly- 
merization being carried to 5% conversion. The polystyrene Y was the 
parent polymer from which a brominated polystyrene F and its branched 
derivatives F1 and F2 were obtained. In Table I the two starting ma- 
terials X and Y and their bromination products are listed with char- 
acterizing data. Table II lists the branched polymers. 

The branched polystyrene Cl was prepared in the absence of transfer 
agent (carbon tetrachloride). Normally under these conditions insoluble 


TABLE I 
Polystyrene Starting Materials and Their Bromination Products 
Polymer % Bromine by analysis In] (dl./g.) % Mn X 1073 5 
xX — 6.12 2000 
A 10.8 1.04 190 
C 0.05 4.4] 1300 
E 4.0 3.40 890 
Y — 2.58 650 
F 4.8 0.827 150 


@ In benzene solution at 20°C. 
> From viscosity measurements and data of Ewart and Tingey (18). 


TABLE II 
Branched Polymers 
Pol B hing® P, Branches? Monomer units of Py, backbone® eee, } 

olymer  % Branching ee backbone/branch ~” aaaleeale 
Cl (25)¢ 8,000 (25,000) 12,500 (0.5) 
Al 37 160 270 1,900 i 

3 39 310 480 8, 500 19 

H4 25 95 290 8,500 31 

Fl 344 230 450 1,500 3.5 
¥2 37 230 390 1,500 4 


« Calculated from fractionation data (1). 

’ Calculated degree of polymerization from kinetic data (19). 

© Calculated from kinetic data (19). 

4 Radioactive branches. C" assay indicated 34%, 38%, 35% branching for three 
fractions of the branched polymer. Bromine analysis indicated about 40% branching 


(1). 


¢ Calculated degree of polymerization from M, values of Table I. 
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cross-linked polymers are obtained (1), but in the case of Cl the extent of 
branching and crosslinking was too small to lead to insolubility (polymer 
C1 was not fractionated at all). The extent of branching was calculated 
from the observed polymerization during the branching reaction, on the 
assumption that half was due to branching and half to the formation of 
linear, bromine atom-initiated polymer. The apparent results may be quite 
misleading in view of the termination by combination of polystyrene radi- 
cals (8). The branching data given in Table I for the other branched 
polymers were calculated from fractionation results (1). Polymers F1 and 
F2 were prepared as nearly identically as practically possible except that 
styrene monomer labeled with C" was used for the branches in F1. In the 
case of Fl the branching data calculated from fractionation results was 
checked by C"4 assay and also by bromine analysis before and after branch- 
ing. The results were in good agreement (1). The following polymers were 
examined by the light-scattering method: 

Polystyrenes X and Y 

Brominated polystyrenes E and F 

Branched polystyrenes Al, C1, E3, E4, and F2. 
Polymers X, E, Al, and Cl were examined unfractionated. Al was con- 
siderably contaminated with low molecular weight polymer. The probable 
complexity of C1 is mentioned above. The branched polymers E3, E4, and 
¥F2 were fractionated to remove the linear low molecular weight impurity. 

The values given in Table II for the chain lengths of the backbones of 

branched polymers assume no degradation during branch-growth poly- 
merization. The number of branches per molecule will depend on the length 
of the backbone, being derived on the basis of the assumed backbone length 
from the figures for branch frequency. 


EXPERIMENTAL 


The instrument used for the light-scattering measurements was that 
previously described by Bosworth et al. (9). Pure dry methyl ethyl ketone 
was used as a solvent, since this gives a conveniently high value for the 
refractive index increment. The polymer solutions were filtered through a 
bed (thickness 1 cm.) of ‘Metasil,” grade A, filtration medium (Meta- 
filtration Co., Hounslow, Middlesex) supported on a No. 3 sintered glass 
filter. The concentrations of the solutions of brominated and branched 
polymers were measured by weighing samples of each (about 8 g.), evaporat- 
ing off the solvent at room temperature on a vacuum line, and weighing the 
polymer residue. This technique was adopted because it was feared that 
heating these polymers might cause some degradation. Although constant 
weight was obtained in about 24 hours, it is likely that, owing to residual 
solvent, the concentrations measured in this way were about 5% too high. 
Polymer concentrations of 0.3 g. per 100 ml. and below were used. 
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The polymer solutions were contained in a cylindrical cell for measure- 
ment and scattering intensities obtained from 30° to 140° to the incident 
beam. A correction for back reflection of the incident beam was made (10). 
The apparatus was calibrated by using a magnesium carbonate block as a 
standard diffuse reflector (11). 

The light-scattering measurements were interpreted in accordance with 
the equation 

Ke 1 2B 


Re MeP@* RT” 


where fz is the reduced intensity of scattering at an angle 6 of a solution of 
concentration C' g. em.~* and 


Qr'ni (a 
Foes ean oe /: 


NM! : 


where 7 is the refractive index of the solvent and 0n/dc the refractive 
index increment; NV is Avogadro’s number and X the wavelength of the 
light in vacuum. 

Weight-average molecular weights were calculated from the limiting 


relationship 
slat |) 
M w Ro c=0 


obtained by Zimm’s method of plotting (12). The size of molecules in solu- 
tion was obtained from the variation of the reciprocal of the reduced in- 
tensity with sin? (6/2) in the limit of zero concentration by using the 
equation (13) 
p= Qn” (Limiting slope at 6 = 6°) 
Sn? Intercept 


For linear randomly coiled molecules D is the r.m.s. end-to-end distance. 
In the case of branched molecules D corresponds to +/6 times the radius of 
gyration (13, 14). 

From the characteristics of the mercury arc and filter used the effective 
wavelength of the light source was estimated as 4247 A. Errors quoted 
were estimated from the difficulties in extrapolation caused by scatter of the 
experimental points. All molecular weights, although consistant in them- 
selves, are subject to any systematic error which may be present in the 
calibration of the apparatus (11). 


RESULTS AND DISCUSSION 


The results of the light-scattering measurements are summarized in 
Table III. For convenience in the discussion of these results the polymers 


yD. M. H. JONES ET AL. 


TABLE III 
Light-Scattering Results 
Mw 
Group Sample Mw X 10-6 from 0° a ion a g.icm.3 De (A.-*) 
x 3.15 + 0.1 2410 Pypey yk OR 0.54 
1 Al 3.05 + 0.1 2140 Oen Se GF 0.67 
Cl 3.8 +0.3 3000 ObSde walOm 0.42 
E 1.00 + 0.02 1375 0.48 x 10-4 0.53 
2 K3 1.41 + 0.06 1300 by S< 0.83 
4 0.91 + 0.02 941 Sear Se ee 1.03 
V4 1.17 + 0.02 1270 7 Aa an) Ome 0.72 
3 F 0.16 + 0.005 = ~0.0 — 
F2 0.31 + 0.01 —_ Se Oe anl Ome as 


have been divided into three groups. None of the polymers in the first 
group (Table III), polystyrene X and the two branched products Al and 
C1, was fractionated prior to light-scattering measurements. Of the second 
group the brominated polymer, E, was unfractionated. The linear poly- 
styrene Y and its branched derivatives of the third group were all frac- 
tionated polymers. The relationships between the polymers measured by 
light scattering are shown in Fig. 1. 


1. Polymers X, Al, and C1 


The graphs of the reciprocal of the reduced intensities for these polymers 
(Figs. 2, 8, and 4) are convex to the sin? (6/2) axis in all three cases. This 
behavior is to be expected for polydisperse materials. In such cases molec- 
ular weights calculated from reduced intensities at 90° and limiting dis- 
symmetry values would give misleading results, since the angular variation 
of scattering intensity does not follow that for monodisperse random coils, 
the model usually chosen for the interpretation of the asymmetry of scatter- 
ing by solutions of chainlike polymer molecules. 

Subsequently Stead and Melville (15) have shown by the turbidimetric 
titration method that the polymer X had a wide molecular weight dis- 
tribution with many peaks, and it seems likely that the scattering behavior 
is due to polydispersity. Hawkins and Smith (16) have also measured a 
sample of polystyrene X and obtained 2.94 & 10° for the weight-average 
molecular weight calculated from zero angle scattering at 5780 A, which is 
in fair agreement with the value in Table III. 

Increases in the average molecular weights of these polymers due to 
branching may be masked by two effects. The degradation which occurs on 
bromination will result in a backbone of much lower molecular weight than 
the parent polymer (Table I), and the presence of low molecular weight 
polymer in the final product will decrease the weight-average molecular 
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Fig. 1. Relationships between polymers examined by light scattering. 


POLYMER X 


oO 2 4 6 8 FO" 2 “F426 


Fig. 2. Zimm plot for polymer X. 


weight. In the case of the branched polystyrene C1 the latter results from 
bromine atom initiation and additionally in the case of Al from the action 
of the transfer agent. The observed increase in molecular weight of some 
20% in going from X to Cl (Table III) confirms that this polymer is 
branched. Polymer Al had substantially the same molecular weight as X, 
which, bearing in mind the above effects, indicates that some branching 
has taken place. The variation in second virial coefficient (Table IIT) is 
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POLYMER Al 


O''™2 5-4 6° 98" O12 iP4eatepmiae meee 
Fic. 3. Zimm plot for polymer Al. 


POLYMER Cl 


Oo “2 ‘4 6 8 tO {2 
Fig. 4. Zimm plot for polymer Cl. 


paralleled by the behavior of the dissymmetry coefficients (Fig. 5). In the 
case of X the relatively high second virial coefficient and the large increase 
in dissymmetry which occurs on dilution indicate an extended molecular 
structure. Polymers Al and C1 have lower second virial coefficients and 
show little change in dissymmetry on dilution. This suggests the presence 
of molecules of a more compact structure which are relatively independent 
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Frc. 5. Variation of dissymmetry coefficients with concentration for polymers 
X, Al, and Cl. 


at moderate concentrations. In the case of Al this behavior could be 
partly due to residual bromine, but it is unlikely that a significant amount 
of bromine was present in polymer Cl. 

In view of the work of Bosworth et al. on polyvinyl acetate (9) it was 
hoped that it would be possible to follow changes in structure by variations 
in the ratio M,,/D*. If nonrandom coil behavior and the excluded volume 
effect are neglected, this ratio should be independent of molecular weight 
for a given structure. Branched, and therefore more compact, molecules 
should give higher values than linear molecules. The interpretation here is 
complicated by the polydispersity of the polymers. The calculated r.m.s. 
end-to-end distance is that for a molecule with the Z average molecular 
weight. This may be considerably greater than the weight-average molec- 
ular weight. The ratio M,,/D? for the polymer X is considerably less than 
values which have been obtained for fractionated polystyrenes in methyl 
ethyl ketone (17). This is more probably due to polydispersity than to 
branching. The molecular weight distribution for the two unfractionated 
polymers Al and C1 will be wider than for X. As it is difficult to estimate 
the limiting slopes of the Zimm plots owing to curvature, the observed 
variations in M,,/D® are probably not significant. 


2. Polymers E, E3, and E4 


In calculating the weight-average molecular weight of the brominated 
polymer E it has been assumed that the bromine content did not affect the 
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value of the refractive index increment. The refractive indices of solutions 
of known concentration of E and the brominated polymer F (Section 3) 
were checked in a Rayleigh interferometer (11) and no significant difference 
from normal polystyrenes was found. 

It is interesting to compare the data obtained for polymer E (Table III) 
with that for the parent polymer X. The similarity of the values for /,,/D? 
obtained for X and E indicates little change in structure. This is in ap- 
parent contradiction to the decrease in second virial coefficient. It would 
appear that although the brominated polymer E is less soluble than the 
original polymer X, it is not more tightly coiled in solution. 

Unlike the polystyrene X and its bromination product E, the two derived 
branched polymers, E3 and E4, were fractionated. However, the fractiona- 
tion was designed only to separate the high molecular weight branched ma- 
terial from the low molecular weight polymer present as a by-product of 
the branch-growth polymerization. Of the two polymers E3 and E4, only 
E3 showed an increase in molecular weight over polymer E (Table III). 
This is not altogether surprising for it must be assumed that, as in the case 
of the bromination reaction, there is opportunity during the branch-growth 
polymerization for some degradation of the backbone to occur. Not only 
was a greater proportion of branching introduced in E3 (39%) than in E4 
(25%) but the shorter branch length obtained in E4 (Table II) required 
the use of more drastic conditions for the branching polymerization with 
consequently a greater chance of degradation. 

The values for M/,,/D® obtained for both E3 and E4 are significantly 
higher than the values obtained for the parent brominated polymer E or 
the starting material X and also higher than the value for the fractionated 
linear polystyrene Y (Table III). As it is unlikely that the fractionation of 
polymers E3 and E4 resulted in any appreciable narrowing of the molecular 
weight distribution of the branched polymer, it appears that the observed 
increase in M,,/D® may be attributed to the presence of branching. 


3. Polymers Y, F, and F2 


This polymer series exhibits similar behavior to those of the earlier sec- 
tions. Bromination of the polystyrene Y has resulted in a considerable 
decrease in weight-average molecular weight. The branched polystyrene F2 
has a molecular weight almost twice that for F. 

Insufficient data were available to enable the second virial coefficient of 
F to be obtained with high accuracy. However it was certainly not far from 
zero. This decrease in second virial coefficient on bromination and its 
increase after the branch-growth polymerization, which was also observed 
in the series X, E, E3, and H4, may be attributed to the removal of bromine 
atoms from the polymer backbone during the latter process. No comparison 
between the second virial coefficients of Y and F2 is possible owing to the 
large difference in molecular weight. 
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Both F and F2 had symmetrical scattering envelopes. In the case of F 
this is not surprising since, owing to the low molecular weight, the r.m.s. 
end-to-end distance would be expected to be only of the order of a tenth 
of a light wavelength in solution. However, the weight-average molecular 
weight of F2, which is roughly twice that of F, suggests that for similar 
values of M,,/D? its r.m.s. end-to-end distance should be of the order of four- 
tenths of a wavelength. This would give rise to a measurable dissymmetry. 
Thus it appears that the branched polymer F2 is more compact in solution 
than the brominated polymer F. 


CONCLUSIONS 


From these measurements it is concluded that branched polymers can be 
produced by the bromination growth technique and that such branching 
can be detected by light scattering. However, in order to obtain unam- 
biguous results the molecular weight distributions of the materials ex- 
amined should be well defined. By its very nature branch-growth poly- 
merization does not allow strict control. With a fractionated backbone and 
with neglect of the degradation during branch growth, there remains the 
spread of the degree of polymerization of the branches. It is felt, however, 
that although emphasizing the difficulties, these results do indicate the 
scope of light-scattering measurements in studies of this type. 
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GENERAL Basis oF SURFACE RHEOLOGY 


The flow properties of monolayers show great similarity with those of 
bulk systems. For instance, one can observe with surface films Newtonian 
and non-Newtonian viscosity, thixotropy or rheopexy. But in consequence 
of the simplification due to the two-dimensional arrangement of the mole- 
cules, surface rheology gives us the possibility of developing a simple 
molecular model of the flow processes, and the rheological behavior of the 
monolayers can be quantitatively described (1-3). 

The insoluble monolayers are spread on water surfaces, with their non- 
polar groups towards air and their polar groups towards water. The fixation 
of the molecules of the film on water is chiefly due to dipolar interactions 
and hydrogen bonds. It has been experimentally shown that there is no 
slipping (4, 5) between a flowing monolayer and its water substrate. All the 
neighboring water molecules close to the polar groups of a molecule of the 
film behave as if they were rigidly bound to this molecule. Since the dipolar 
interactions decrease rapidly with distance, the molecules of water not 
adjacent to the polar groups are not bound to the molecules of the film. 
Thus, when the film flows, the kinetic units are not the molecules of the 
insoluble monolayers but the aggregates made up by each of these mole- 
cules and the water molecules bound to it. 

The coefficient of surface viscosity » is defined as follows. Let us con- 
sider, in the plane zy, a monolayer, a small element dx dy of which flows 
in the direction x at a velocity u(y). This element undergoes (6, 7) from 
the adjacent monolayer elements a resisting force equal to u(d?u/dy’) dx dy. 
The dimensions of » are MT— instead of ML“T™ as for the bulk viscosity. 
According to the type of film, the order of magnitude of » varies between 
10-° and 10 c.g.s. The coefficient of surface viscosity can be calculated by 
several methods: from the rate of flow of a film through a narrow canal (6), 
from the damping of the oscillations, or from the torque due to the rotation 
of a light not wettable ring floating on the film (7, 8). 

Keyring and collaborators developed a theory of viscosity considered as a 
particular case of activation process and applied it to monolayers (9, 10). 
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According to Eyring’s point of view, each molecule of a liquid is in a poten- 
tial trough, each of these corresponding to a possible equilibrium position 
for the molecules. So, for the flow of a molecule to occur, this molecule 
must acquire the energy of activation necessary to pass over the potential 
barrier which separates it from the neighboring equilibrium position. 
Applied to the monolayers, this theory leads to 


F go _ gh AF/kT 1 
sinh OEP ~ an HW] 


with o the molecular area, g the velocity gradient in the plane of the mono- 
layer, T the absolute temperature, k the Boltzmann constant, h the Planck 
constant and AF the free energy of activation for the kinetic unit. 

As shown in preceding papers (1, 11, 12), a film of mean molecular area o 


is generally made up of a mixture of two molecular states 7 and 7 — 1 
characterized by the molecular areas o; and o;_;. We can write 
o¢ = (1 — a)oi + cei, [2] 


a being the proportion of molecules in the state 7 — 1 compared with the 
total number of molecules for a square centimeter. Therefore the free energy 
of activation AF is a mean value and can be written 


AF = (1 ne a)AF; + aAF 4 ) [3] 


with AF’;_; and AF’; the free energies of activation in the pure states 7 — 1 
and 7. As a result, the curve AF(c) is a kinked line, the angular points of 
which correspond to the successive transformation points of the film. 
Thus, the surface rheology gives us an experimental method for the deter- 
mination of the characteristic areas corresponding to the transformation 
points of different orders in the monolayers. 


NEWTONIAN SurFACE FLow 


The viscosity of a liquid is Newtonian when the viscosity coefficient does 
not depend upon the rate of shear. According to Eyring’s theory the flow 
of a monolayer remains Newtonian as long as the inequality 


ugo K 2kT [4] 
is obeyed. In this case, Eq. [1] is reduced to 


_ hh are 
a= e € : [5] 
As a consequence of Kq. [3], AF is a function of the molecular area. 

Practically all monolayers of fatty acids and triglycerides (2) are New- 
tonian. To show the orders of magnitude, Tables IA, IB, and IC give 
experimental values of the coefficient of surface viscosity at several molec- 
ular areas for gaseous, liquid, and mesomorphous films. 
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Surface Viscosity of Newtonian Gaseous Monolayers 


Substance 


Tricaproin 


Tricaprylin 


Cy Dicarboxylic acid 


Ethyl-11-oxystearate 


Surface Viscosity of Newtonian Liquid Monolayers 


Substance 


Oleic acid 


Myristic acid 


Tricaprin 


Trilaurin 


Triolein 


Triricinolein 


TABLE IA 
Substrate Temp. (°C.) 
H,O0 20 
H.O 20 
0.01 M HCl 200 
H,0 20 
TABLE IB 
Substrate Temp. (°C.) 
0.01 M HCl ily 
0.01 M HCl 22 
H.O 19.5 
H.O 22 
H.O 20 
H,0 20 


a(A.?) 


o(A.2) 


32.5 
34.9 
39.9 
47.7 
29.6 
31.8 
34.5 
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TABLE IC 
Surface Viscosity of Newtonian Mesomorphous Monolayers 
Substance Substrate Temp. (°C.) a (A.2) wu X 104 
Stearic acid 0.001 M HC! 18 20.1 THLE 
21 7.35 
21.65 4.35 
22.5 3.2 
23.05 2.65 
Palmitic acid 0.01 M HCl 25.3 21.5 5 
22.4 oul 
23.6 1.87 
25.4 1.44 
27.3 1.12 
28.1 132 
29 2.55 
Myristie acid 0.01 M HCl 17 22.7 2.16 
23.4 IES 
24.6 1232 
26 lee 


Since the monolayer is rigidly bound to the substrate, the measured sur- 
face viscosity is that of the system including the insoluble film and the first 
layer of water molecules. Consequently AF can be written 


AF = AF, + AFx,o, [6] 


AF, and AF y,o being the free energies of activation of the film and of the 
water layer. This equation explains the variation of 4 with o. Indeed, it 
has been shown (1, 12) that AF, can be represented by a sum of terms in 
o* and o~*”, while AF'n,0 increases almost linearly with o. Accordingly, for 
small values of o, u is a decreasing function of o, while for high values of o 
it is an increasing function. That is why the apparent viscosity of meso- 
morphous films increases by compression, whereas for liquid and gaseous 
films it decreases. 

It is generally considered that the mean positions of the molecules in a 
fluid film, chiefly in the condensed states, correspond to a quasi-crystal 
structure and are locally arranged nearly as an hexagonal lattice. It has 
been postulated (11, 12) that the molecules of a monolayer can exist only 


in a finite number of stable equilibrium states ---7 — 1, 1, +++ correspond- 
ing to a series of discrete molecular areas «++ o;_y ,o;, °°: Or intermolec- 
ular distances --- r;1,7,;, +--+ and probably to different molecular forms. 


(The o; values are given by experiment, since these areas correspond to the 
transformation points of different orders on the isotherm curves.) 

Since during the flow of a film in the state 7 the distance between certain 
molecules becomes lower than r;, these molecules cannot remain in the 
state 7. They jump suddenly into the state i — k corresponding to the pos- 
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sible lattice distance immediately below the smallest distance attained. 
Thus one can assume that, during the flow of a film initially in the state 2, 
the activation state of the molecules isz — k. 

The relationship between the energy of activation AH and the free energy 
of activation AF is given by 


AF (ke 
ci i log va ) [7] 
where f,* and f are the partition functions of the flowing molecules, respec- 


tively, in the activated state and in the initial state. In a first approxima- 
tion (13) 


f Ti 
In the condensed state, o; and o;_; have almost the same values, and then, 


with a good accuracy, 
AF = AE. [9] 


Therefore, AF’; can be calculated in terms of molecular interactions. As the 
intermolecular forces are negligible beyond three or four molecular dis- 
tances, we have only to consider very small regions around each molecule, 
and we can treat the film as a small domain of a hexagonal network. 

The term AF; includes two terms: the energy required to make a hole in 
the film into which an activated neighboring molecule may be moved, and 
the energy necessary to cause a molecule to pass from one equilibrium posi- 
tion to a free neighboring position. 

If W;(r;) is the value per kinetic unit (each molecule of the insoluble 
monolayer and the water molecules rigidly bound to it) of the interaction 
energy between one kinetic unit and all its neighbors assumed to be in the 
state j but at a distance r;, the preceding first term of AF; is equal to 
W .(r;). The second term can be resolved into three parts: the energy neces- 
sary for the translation of the molecules, the energy corresponding to the 
local deformation of the network during this translation, and the energy of 
the change of the equilibrium stable form of the molecules during their 
displacements. The three corresponding values of the energy variations are, 
respectively, 0.7W :x(r:), —0.5Wi_x(r:), and 6Wi(r:) — Wex(ri). 

Therefore one finds 


AF; a TW iri) =. 5.8W j_x(r1). [10] 


The energy W;(r;) can be derived from the potentials of interaction be- 
tween the various functional groups of the molecules (1, 12). The agree- 
ment between the experimental and calculated values of AF; is quite good. 
Table II gives several values of measured and calculated free energies of 
activation of viscous flow for Newtonian monolayers of fatty substances. 
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TABLE II 
Free Energies of Activation of Flow 
AF X 10% 
Substance Substrate Ce i o(A.?) Measured Calculated 

irici i 20 82 6.4 6.41 

Triricinolein H20 rs wis se 
155 7.74 7.69 

200 7.92 7.88 

Triolein H.O 20 95 6.75 6.8 
115 7.73 1.02 
135 7.81 7.82 
Tricaprylin H.O 20 120 7.5 7.55 
170 8.22 8.19 

210 8.78 8.7 

Tricaproin HO 20 110 7.19 7.16 
130 7.86 7.86 

210 8.23 8.22 

480 8.64 8.6 
Myristic acid 0.01 M HCl 17 22 Weak Cex 
23.5 olla 7.19 

24.5 7.03 7.04 

26 7.02 7.02 

30 6.95 7.03 

33.5 uo (e25) 

37 7.26 7.28 

Palmitic acid 0.01 M HCl 17 22 7.29 Veo 
23.5 (20 7.26 
24.5 7.19 7.19 

26 Wa22, (e238 

Stearic acid 0.01 M HCl 20 20.5 7.66 76 
22 7.4 7.36 
2380 C20 7.28 


Non-NEWTONIAN SuRFACE FLow 


As we have seen before, the flow of a monolayer remains Newtonian, 
according to Eyring’s theory, as long as the inequality [4] is obeyed. Now, 
non-Newtonian behavior occurs, that is to say, one observes that the sur- 
face viscosity coefficient » depends on the velocity gradient g, when experi- 
mental conditions satisfy the inequality [4]. Therefore it is necessary to 
admit that Eq. [5] is still valid but that the free energy of activation AF 
varies with increasing rate of shear. Table III gives several examples of 
such behavior. 

I have given (8, 13) an interpretation of the non-Newtonian flow in 
monolayers. As shown before, the displacement of one molecule in the 7 
state from its initial position to an adjacent free place in a molecule row 
parallel to the flow direction, produces the temporary removal of other 
molecules in the neighboring rows; if a second displacement occurs in the 
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TABLE III 
Non-Newtonian Surface Viscosity 
Substance Substrate Temp. (°C.) o(A,?) g u X 103 
Lauryl alcohol H20 20.5 37 0.6 2 
Dest 1 
6.5 0.4 
Myristyl alcohol H.O 18.1 22 Peal 0.8 
5.9 0.4 
47 OR 
20 0.57 2 
0.89 1 3 
IAs i} 
5.07 0.4 
20 0.54 5.6 
Wiis 2 
2.9 itil 
Cetyl alcohol H.O 20 22 1 Bas 
3 1 
5 0.7 
20 0.5 7 
AG 1.4 
2.6 0.8 
Stearyl alcohol HO 20.5 20.5 0.29 2.8 
0.56 1% 
19.5 0.26 6.2 
0.55 PRG 
Stearyl amide HO 21 24.5 0.24 14 
0.4 6 
18 0.8 
PN 55 0.24 44 
0.48 12 


flowing row before the removed lateral molecules are again in their equi- 
librium initial positions, the activation energy for an elementary displace- 
ment is no longer AF; but a smaller quantity, AF’; . This difference AF; — 
AF’; chiefly corresponds to the fact that, in the second case, there is no 
new local deformation of the network and no new change of the equilibrium 
form of the neighboring molecules during the displacement of the second 
kinetic unit. As a first approximation 


AF, — AF’; ~4 [W .(r;) etl Ui | W -x(r.)] [11] 


when there is no hydrogen bond between the molecules of the insoluble 


monolayer. radix 
If p; is the probability that an 2 molecule removed from its initial posi- 
tion will not reoccupy its normal position before a second molecule goes 


beyond it, the free energy of activation for any elementary flow is given by 


AF(g) = AF; — p(AF; — AF’, [12] 
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TABLE IV 
Free Energy of Activation and Relaxation Time of Non-Newtonian Flow 
Substance o(A.?) AF; X 1013 AF; X 108 Ty; 
Lauryl aicohol ou 8.44 be) 0.44 
Myristyl alcohol 23.5 8.18 7.42 0.497 
22 8.15 7.125 0.479 
20.5 8.17 Upailrgss 0.647 
20 8.62 Toto 0.621 
Cetyl alcohol 215: 8.45 7.405 0.543 
20.5 8.73 7.07 0.656 
20 8.85 7.085 0.88 
19.5 9.06 7.65 1.837 
Stearyl alcohol 20.5 8.8 (HNP 3 
20 8.955 7.655 Bpcevl 
19.5 9.16 otal 3.8 
Stearyl amide 24.5 9.33 7.475 2.34 
2335 9.5 OOo 2.435 
215 10.03 8.025 3.66 
with 
=e (13] 
and 


7; <= 0.947; 4/ geet [14] 


where m is the mass of one kinetic unit of the film. Table IV shows a few — 
experimental values of AF; , AF’; , and 7; derived from the curves u(g) by 
means of Kas. [5], [12], and [13]. 

In the preceding relationships 7; behaves as a relaxation time. As a first 
approximation it can be considered as the mean time which is required by 
a disturbed kinetic unit to reoccupy its normal position. 

Thus, the decrease of » with increasing g is due to the high values of the 
relaxation times of the perturbation induced by the flow in the quasi- 
lattice structure. So the non-Newtonian character is related to the order 
decrease in an initially highly ordered system. 

As a consequence of the lattice deformation a pressure appears, leading 
to the expansion of the monolayer. Therefore, the surface pressure at con- 
stant area increases with increasing rate of shear (8, 14). Consequently, 
one observes surface dilatancy with the non-Newtonian monolayers; that 
is to say, the surface area per kinetic unit (or the apparent molecular area) 
at constant surface pressure increases with the velocity gradient. 


If o; is the molecular area at rest, the apparent molecular area o(g) at 
the rate of shear g is given by 


o(g) = (1 + 0.07 pi)o;. [15] 
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When W,,(r;) and 7; are large enough (for instance 7; not negligible com- 
pared with the duration of a viscosity measurement), the monolayer shows 
thixotropy. In this case, the apparent value of the surface viscosity coeffi- 
cient obviously depends upon the rate of shear, and also on the velocity of 
its variation. Consequently the curves u(g) are no longer reversible with 
respect to the velocity gradient. 

For simplification, we have assumed that at rest all the molecules of the 
film are in the state 7. In the general case, the monolayer, for any point on 
its isotherm curve, is a mixture of the two molecular types 2 — 1 andz 
corresponding to the molecular areas o;_1 and o;. The mean molecular area 
at rest is given by Eq. [2]. Relationship [12] becomes 


AF(g) => (1 — a)AF; + aAF , 4 
; pia) (APS — AP) — p:40(AF, 4 = AF’, 3) 112") 
where p; is given by Eq. [13] and p;_, by 


Pelee a ads [13’] 
with 


2mm tw 110.0404 
T31o 0.94r;_4 ye Mp eG ee [14] 


The definition of the state 7 — 1 — / with regard to the state 7 — 1 is 
the same as the definition of 7 — & with regard to 7. 

All the conclusions remain the same for the non-Newtonian behavior as 
_a function of the velocity gradient. 


SURFACE RHEOPEXY AND PHASE TRANSFORMATION INDUCED BY THE FLOW 


As we have seen, in a flowing monolayer, the displacement of one 7 mole- 
cule causes the removal of its neighboring molecules from their equilibrium 
positions, and a temporary transition occurs from the state z to the state 
4 — k. Because of the fluctuations due to the thermal agitation, it can hap- 
pen that a disturbed molecule of the film, instead of coming back to the 
state 7, aggregates with some of its neighbors by local condensation in the 
state 7 — k. The probability of the occurrence of such a process is 

i= gies — Wi 40.940 5)1/ 5 — 40.947 5 )—W os (9) [16] 
Besides, the probability that the considered molecule will still be in the 
state 7 — k at a time 1/g after its condensation is given by 


0; = elas [17] 


where 6; can be considered as the mean life of one kinetic unit in the 
aggregates formed by the flow of the monolayer. As a first approximation 


2m el Winkie) RT [18] 


: 


0; Tt fy 
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TABLE V 
Decrease of the Apparent Molecular Area during the Flow 
Substance Substrate 1 * @3(A2)  g(sec.) t(min) —Aa/o(%) 
Cetyl alcohol H.0 20 19.5 1.27 12 1.6 
17 2.2 
35 2.4 
Stearyl alcohol H.O 20 19.5 1.85 12 0.5 
35 deal 
85 125 
145 1.4 
Stearyl amide H.0 20 21.5 1.32 10 Dell 
20 3.6 
32 4.7 
56 5.3 
83 5.5 
105 5.8 


As a consequence of such a process, if all the molecules are at rest in the 
state 7, after a time ¢ at the rate of shear g, the ratio of the molecules in 
the state 2 — k becomes 

[y.(1 = mp) re 
z(t) = migi ea aA [19] 
with g constant. 

Therefore the molecular composition of the monolayer changes during 
the flow. The film shows an evolution towards the condensed states. Thus 
a physical state change occurs on a molecular scale in the monolayer. Ac- 
cording as the 7 and 7 — k molecular forms are miscible or not, one observes 
in the film a first- or high-order phase change induced by the flow. This 
phase change results in a decrease of the apparent molecular area o(t) at 
constant surface pressure which is given by 


ot) = (14+ 0.07p,)o; 


gt [20] 
F TG; ne [o,~ — (1 + 0.07p,)o;], 
where g remains constant. Table V gives experimental values of the relative 
decrease of the apparent molecular area under constant pressure. 

Such a dynamic phase change is accompanied by surface rheopexy or 
surface shear hardening, that is to say, by a large increase of the surface 
viscosity during the flow. Indeed, as a consequence of the variation of the 
molecular composition of the film, AF; is replaced by 


AF (t) = AF; — pi (AF; = AF’ ;) 
[e(1 — 7)" - 1 
log gi(1 — a) 
the rate of shear g being constant. Table VI shows a few experimental 
values of the surface viscosity at constant velocity gradient for several 


+ TG: [AF;-. — AF; + p(AF; — AF’,)], 2a) 
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TABLE VI 
Surface Shear Hardening 
Substance Substrate 1m “  oy(A2) — g(sec.-1) t(min) HX 108 
Stearyl alcohol H.0 19 P10) 1.64 14 2.5 
29 3.4 
38 5.9 
20 1.8 4 3 
28 4.2 
44 gill 
52 6.9 
Stearyl amide H.0 20 215 1.39 8 10.2 
18 62.7 
25 67 
34 73.3 
40 88.2 
48 112 
57 125 
TABLE VII 


Non-Newtonian Surface Viscosity 


Substance | of'y lame x ronlarixiol oe | hy [sete] Bhat | Ga Pern 
Cetyl alcohol 19.5 9.06 7.65 184) 32) 1.6 9.9 1.002 | 1.311 
Stearyl alcohol | 20.5 8.8 PPA 3 ARGON lege 973845) 1016} 1.317 
20 8.955 | 7.655 | 3.37 | 1.76 | 1.72 | 9.34 | 1.023 PRS. 
19.5 9.16 Uootall 3.8 1.8 (4 9.34 | 1.032 | 1.317 
Stearyl amide | 21.5 | 10.03 | 8.025 | 3.66 0.94 | 5.4 | 11.89 | 1.03 1.362 


times of flow. From the experimental curves a(t), can be derived, by 
means of the preceding equations, the values of AF; Ale aner mens: , 
AF x, W.(r;), and W;x(r:_x). A few examples are given in Table VII. 

In the general case where the monolayer is, at rest, a mixture of mole- 
cules in the states 7 and 7 — 1, the flow behavior of the film at constant 
rate of shear is the same in spite of the complication of the corresponding 
equations. Indeed, Eq. [21] must be replaced by 


AF(t) = (1 — a)AF’(t) + a AF’’’(8) [21’] 
with 
AF’ (t) = AF; — p(AF; — AF’;) 
ies 21") 
+ 1:0; lyst = wi)" — 1 [AF;~ — AF; + p,(AF; — AF’,)] 
log gi(1 — m:) 
ee eA ey (AN — AP es) 
% = , oF wy 
ap FiO [e:a(1 7;-1)] 1 [21 ] 


log giu(1 — mis) 
[AF 1-1 — AF ya + pia(AFi1 — AF’;_1)] 
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where 
re ae grlM barren LOMAS ITIL W 119 DMA SN [167] 
1 — 
=tho0e— t 
git =e /99¢—1 [17'] 
and 
QM (we_-1-1(r¢—-1-1) I/KT l 
0,1 SY N11 Ey i ai ae . [18] 
tv 1 t kT 


If the velocity gradient g varies with time, the behavior of a monolayer 
showing shear hardening is extremely complicated and the entirely quanti- 
tative calculation cannot be performed. In the flow mechanism for mono- 
layers, the shearing forces tend simultaneously to disturb the actual struc- 
ture and to promote the development of a new structure of higher order. 
One or other of these contradictory processes prevails according to the 
values of g, to the interaction energies between the kinetic units, and to the 
previous mechanical treatments of the monolayer, that is to say, its rheo- 
logical history. 

The simple case where a film initially in the pure molecular state z flows 
successively during a time ¢’ at the velocity gradient g’ and during a time 
t” at the velocity gradient g”, has been treated elsewhere (3). This deriva- 
tion leads to 


AF(t’ + t”) = AF; — p(AF,; — AF’;) + mlAFia — AF; 


+ p(AF; — AF",)| xe Jog os — 7) [22] 


a ma : gi'tt? at 
+ 9" les — m)I ae Ress Mee eis abede i(l 7) : 
log 2) i = Ti) 


with 

gy = @ 10% [17”] 
and 

as a er te Pa: [va 


In such a relationship one sees the great number of parameters upon 
which depends the surface viscosity when the flow behavior of a mono- 
layer is non-Newtonian. 

We have previously shown (15) that the flow processes occurring in 
monolayers give us a good model of the rheological behavior of colloidal 
bulk systems. On the whole, the reciprocal relations between the structure 
and the state of motion can be extended from the two-dimensional fluids 
to the three-dimensional flowing systems. Besides surface rheology pro- 
vides us a useful investigation method for the study of the molecular inter- 
actions. 
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SUMMARY 


The results of surface rheology are explained and quantitatively de- 
scribed by the help of a simple molecular model of the flow behaviors in 
monolayers. The fundamental processes of this rheological pattern are: 

1. The transport of substrate water molecules rigidly bound to the 
molecules of the flowing monolayers. 

2. The deformation by the flow of the quasi-lattice structure of the film, 
the relaxation velocity of which determines the type of behavior, New- 
tonian or not, in relation to the respective values of the rate of shear and 
of the interaction energies between the kinetic units. 

3. The microscopic or macroscopic phase changes induced in the mono- 
layer by the flow and causing, for instance, the shear hardening phe- 
nomenon, the various time effects, and the decrease of the apparent molec- 
ular area. 

The three types of processes are correlative and simultaneous. As a 
consequence of the reciprocal interaction between structure and rate of 
shear, the actual flow behavior of a monolayer depends upon its total 
rheological history. 
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ABSTRACT 


The catalytic reaction between acetone vapor and hydrogen on evaporated me- 
tallic catalysts in a static system has been followed by means of a Nier-type mass 
spectrometer. The main reaction observed on platinum, nickel, tungsten, iron, 
palladium, and gold was the formation of isopropanol but small amounts of propane 
were also formed simultaneously on platinum and, to a lesser extent, on the other 
metals with the exception of palladium and gold. 

Activation energies and frequency factors were measured for the production of 
isopropanol on all the metals and some pressure dependencies were obtained on 
nickel films. The order of activity of the metals was similar to the order for the 
hydrogenation of ethylene except for palladium, which was the least active of the 
five transition metals. 

A series of values for the equilibrium constant for the dehydrogenation of iso- 
propanol to acetone was obtained at substantially lower temperatures than have 
been used in previous measurements. 


INTRODUCTION 


Although a number of investigations have been made on the hydrogena- 
tion and deuteration of acetone on foils and on bulk metallic catalysts, no 
work has been reported using evaporated metallic catalysts. As there are 
various conflicting theories about the mechanism by which acetone is hy- 
drogenated to isopropanol and propane, it was thought that valuable in- 
formation might be obtained if a careful analysis were made of the isotopic 
content of the initial products formed from deuterium and acetone over 
evaporated metal films. However, preliminary investigation showed that 
it was not possible to interpret the complicated mass spectra of the deutero- 
isopropanols and deutero-propanes until information had been obtained 
about the relative amounts of isopropanol and propane formed by studying 
hydrogenation of acetone on films. The object of the present work was, 
therefore, to investigate the nature of the products resulting from the hy- 
drogenation of acetone on these catalysts and also to determine the relative 
efficiency of different metals for the reduction of the carbonyl group. 
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EXPERIMENTAL 


A. R. acetone was purified by refluxing over calcium oxide and potas- 
sium permanganate and then by distillation. The liquid was degassed in 
the vacuum apparatus and stored over liquid air to prevent attack on the 
stopcock grease. Isopropanol was refluxed over calcium oxide, distilled, 
and then handled in the same way as acetone. Hydrogen from a cylinder 
was purified by diffusion through a palladium thimble. 

The apparatus consisted of a glass reaction vessel (200 ml.) in which 
films of metal could be formed by evaporation and which was attached to 
a normal high vacuum train. A fine glass capillary leak linked the reaction 
vessel to the gas inlet of the mass spectrometer and allowed the mixture in 
the reaction vessel to bleed continuously into the spectrometer. It was 
possible with this technique to obtain analyses of the reaction mixture 
throughout the course of each run. Detailed descriptions of the catalytic 
apparatus, the capillary leak, and the technique for the preparation of the 
evaporated films have been given previously (1, 2). 

The normal gas mixture contained eight parts of hydrogen to one part 
of acetone. For experiments on tungsten, iron, palladium, and gold, the 
mixture was admitted to the reaction vessel at 0°C.; the partial pressure 
of acetone was 1.49 mm., and the number of acetone molecules in the 
reaction vessel was estimated as 1.04 X 10”. For experiments on platinum 
and nickel, it was necessary to admit the mixture at lower temperatures, 
and the corresponding figures were 1.45 mm. and 1.10 xX 10! molecules. 
Temperatures below 0°C. were obtained by means of molten slurries and 
higher temperatures by the use of an electric furnace. A calibrated thermo- 
couple was used to measure temperature. 

The analyses in the mass spectrometer were made by using low-voltage 
electrons (17 v.) to ionize the molecules, thus avoiding extensive correc- 
tions for the formation of fragmentary ions. Isopropanol was estimated 
from the peak corresponding to ions formed by loss of a methyl group and 
an electron (mass 45) because the amount of the parent ions (mass 60) was 
small. Acetone was estimated from the peak corresponding to the parent 
ion (mass 58) after correction for a small contribution from a fragmentary 
ion formed from isopropanol. The estimation of propane was made from 
the peak corresponding to the parent ion (mass 44), but three corrections 
had to be included—to allow for the background of carbon dioxide in the 
spectrometer, for the presence of heavy isotopes in the ion CH;-COt, 
which was a major component of the mass spectrum of acetone, and finally 
for small amounts of an ion formed by isopropanol. The analyses for pro- 
pane were, therefore, subject to some uncertainty, and the error amounted 
to 1%-2% of the total amount of acetone present initially. Calibration 
experiments with acetone, isopropanol, and propane were carried out from 
time to time to check sensitivities and extents of fragmentation. 
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RESULTS 


The main reaction observed on all the metals studied was the formation 
of isopropanol. It was found that the reverse reaction, the dehydrogena- 
tion of isopropanol to acetone, was also of importance at temperatures 
above 0°C. and that, on the more active metals, the equilibrium between 
acetone, isopropanol, and hydrogen was being established. Since no experi- 
mental values for the equilibrium constant for this reaction at tempera- 
tures below 105°C. have been published and since the apparatus was capa- 
ble of measuring the small amounts of acetone remaining at temperatures 
above 23°C., a series of equilibrium constants were determined. Most of 
these values were obtained on nickel films because of their high activity, 
but gold films were suitable for measurements at higher temperatures be- 
cause of the absence of side reactions on gold. The values of the equi- 
librium constant for the dehydrogenation of isopropanol (K>, atmos.) are 
given in Table I. The errors in the values were approximately 15% except 
for the value at 23°C., which was less accurate owing to the small amount 
of acetone which had to be measured and to the correction for the ion from 
isopropanol, which was a substantial fraction of the observed peak for 
mass 58 under these conditions. 

For all the metals at temperatures and times where the amount of the 
reverse reaction was small, the formation of isopropanol followed the 
equation 


—logio (100 — x) = kyt/230.3 — logio 100, [1] 


where « is the percentage of isopropanol formed at time ¢ and k; is a con- 
stant. Typical plots are shown in Fig. 1, in which the decrease in rate due 
to the development of the reverse reaction can be seen for the experiment 
on tungsten. From such plots the initial rates of reaction ki expressed as 
percentage of acetone converted to isopropanol per minute were deter- 
mined. These values were then expressed as a rate per 10 mg. of catalyst 
(k) and are shown in Fig. 2 plotted according to the Arrhenius equation. 
The activation energies so obtained are given in Table II, together with 


TABLE I 
Equilibrium Constants for the Dehydrogenation of Isopropanol 
Temperature (°K.) logi Kp 
498 .2 0.2232 
408.2 2.7447 
383 .0 2.4404 
349.0 3.5396 
321.2 4.8829 
296.2 4.3050 
355.02 3.908 


2 Derived from thermodynamic data. 
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Fig. 1. Plots to determine the initial rates (k,) of hydrogenation of acetone to 
isopropanol according to Eq. [1]. O, 8.7 mg. platinum at —21.7°C.; 0, 9.9 mg. nickel 
at 0°C.; }, 9.1 mg. palladium at 25.4°C.; A, 9.3 mg. tungsten at 88.3°C. L.H. outer 
scale, © and O; L.H. inner scale, A; R.H. scale, ©. 


Logio k 


2.0 25 3.0 39) 4.0 4.5 


103 
TK 
Fig, 2. The effect of temperature on the initial rate (k) of hydrogenation of ace- 
tone to isopropanol expressed as percentage of acetone removed per minute per 
10 mg. of catalyst. Symbols as in Fig. 1. V, Gold (percentage/min. for 110 cm.2 
apparent area of film). 
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TABLE II 
Activation Energies and Frequency Factors 
Temp. when rate 


A(At a : 
Catalyst E(kcal./mole) aes “ we) Temp. range (°C.) is re es 10 


Platinum 5.0 20.5 —46 to —22 —61.6 
Nickel 8.8 22.8 —45 to 24 —17.4 
Tron 1255 23.3 0 to 98 67.1 
Tungsten 9.1 21a 0 to 88 67.4 
Palladium 5.8 18.0 25 to 116 185.4 
Gold? Dev 16.0 130 to 203 450 


a A ig given in molecules/sec. for 110 em.” apparent area of film. The approximate 
temperature at which the initial rate would be 0.1%/min. for 110 em.? apparent area 
is given. 


the frequency factors expressed as molecules/sec.10 mg. and also the tem- 
peratures at which the initial rates were 1 %/min.10 mg. The activation 
energies refer to constant concentration and not to constant pressure of 
the gases. As the activities of the gold films were not proportional to their 
weight presumably because of sintering, the initial rates k, were not con- 
verted to rates per 10 mg. of catalyst. The apparent areas of the gold films 
were approximately 110 cm.’. 

The reproducibility of the films was good except in the case of iron, from 
which it is difficult to produce clean films, and in the case of gold, where 
there was some variation in the apparent area of the films. In experiments 
on platinum below —34°C., condensation of the alcohol occurred in the 
later stages of the reaction, and it was necessary to find the initial rates 
using only measurements in the early part of the run before the saturation 
vapor pressure of the alcohol was exceeded. In a similar manner, on all 
metals studied at high temperature, the initial rates had to be obtained 
using only measurement from the first part of the run before the reverse 
reaction became appreciable. 

A series of experiments was conducted on nickel films at 0°C. to ascer- 
tain the effect of alteration of pressures of the gases on the initial rate of 
the reaction. The results are shown in Table III; the first four experiments 
obeyed Kq. [1] or a modified form of this equation which was used when 
isopropanol was present in the initial mixture; the last two experiments 
yielded curved lines indicating that the rate of reaction was decreasing 
with time to a greater extent than would have been expected from Kq. [1]. 
A comparison of experiments 1, 2, and 6 shows that the rate of reaction was 
independent of the pressure of hydrogen at high pressures but became de- 
pendent at low pressures. Experiments 1, 3, and 4 showed that the reaction 
was inhibited by isopropanol and that the initial rate of reaction was re- 
duced by slightly more than a factor of two by the presence of a pressure 
of isopropanol equal to the pressure of acetone present initially. Experi- 
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TABLE III 
Rates of Conversion of Acetone to Isopropanol on Nickel Films at 0°C. 
Pressures (mm.) Initial Rate 
Expt. (% acetone/min. 

Acetone Hydrogen Isopropanol 10 mg.) 

1 1.59 12252 — 2.28 

2 1.66 38 .00 — 2.27 

2 1.54 1223 1.54 0.94 

4 1) say 12.36 1.54 0.87 

5 6.20 12,27 — 0.51 

6 1.61 3.21 — rou 


ments 1 and 5 indicated that the initial rate was independent of the pressure 
of acetone, since the percentage conversion was reduced by a factor of four 
for a mixture with four times the usual pressure. 

The most extensive production of propane was observed on platinum 
films. The production of propane was initially quite rapid on this metal 
at temperatures between —45° and —22°C. but became slower and eventu- 
ally ceased when about half the acetone had been used up. The production 
of the alcohol continued until all the acetone had disappeared, except that 
a decrease in rate was observed at the lowest temperature when the satura- 
tion pressure of the alcohol was exceeded. After the acetone had disap- 
peared the products amounted to about 92% isopropanol and 8 % propane. 
_ No further propane was observed on warming the reaction vessel to 0°C., 
but at higher temperatures acetone reappeared rapidly corresponding to 
the establishment of the equilibrium with isopropanol and hydrogen and 
then both acetone and isopropanol were converted slowly into propane. 
This production of propane on platinum at higher temperatures attained 
a rate of approximately 1%/min.10 mg. at 63°C. On nickel films up to 
76°C. and on iron films up to 148°C., only trace amounts of about 2% of 
propane were observed. Tungsten showed slightly more activity for the 
formation of propane as some 4% was observed after 40 minutes on a 9,3- 
mg. film at 88.3°C., and on another film weighing 9.0 mg. about 10% of 
propane was found at 113°C. after 70 minutes. No propane was detected 
over palladium films at temperatures up to 115°C. nor over gold films up 


to 225°C. 


DIscUSSION 


Measurements of the equilibrium constant for the dehydrogenation of 
isopropanol to acetone and hydrogen have been reported by Rideal (3) 
for the temperature range 105-275°C. but his results were criticized by 
Parks and Kelley (4), who obtained values for the range 184—218°C. using 
a dynamic system with a copper catalyst. The values found by Parks and 
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Fia. 3. The effect of temperature on the equilibrium constant, Kp (atmos.), for 


the dehydrogenation of isopropanol. O, present work; A, Parks and Kelley; O 
thermodynamic data. 


’ 


Kelley and the results of the present work are shown in Fig. 3, and the 
two sets of values blend together well. A point is included on the figure for 
the theoretical equilibrium constant at 355°K. based on the heat of hy- 
drogenation of —13,407 + 100 cal./mole obtained by Dolliver et al. (5) 
and on values of 74.15, 78.29, and 32.25 cal./deg. mole for the standard 
entropies at this temperature of acetone, isopropanol, and hydrogen, re- 
spectively. The line drawn through the points corresponds to the equation 


— 13,340 
EEE aABTOr 


and this gives a heat of reaction in excellent agreement with the value 
obtained by Dolliver e¢ al. 

The zero order dependence of the rate of isopropanol production on 
the pressures of both acetone and hydrogen, provided that the latter was 
in substantial excess, indicated that the surface was simultaneously satu- 
rated with acetone and hydrogen. Similar kinetics were found by van 


+ 5.969, [2] 
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Mechelen and Jungers (6) for the reaction in the liquid phase over Raney 
nickel at temperatures above 100°C. and by Herbo (7) for the reaction in 
the gas phase over a composite catalyst of nickel, zinc oxide, and chromium 
oxide at temperatures up to 175°C. Herbo invoked the idea of two types 
of sites to explain the observed kinetics, arguing that the surface could not 
be saturated simultaneously with both reactants if they occupied similar 
sites. An alternative explanation is possible in terms of the relative size 
of the acetone molecule and the hydrogen atom. The acetone, although 
strongly adsorbed, will not cover the surface completely because of the 
size of the molecule. The vacant sites between the acetone molecules will 
be covered by hydrogen atoms provided the ratio of the hydrogen pressure 
to the acetone pressure is sufficiently high but hydrogen will not displace 
the more strongly adsorbed acetone. On the other hand, if the ratio of the 
hydrogen pressure to the acetone pressure is reduced, the coverage of the 
vacant sites between the adsorbed acetone molecules becomes dependent 
on the pressure of hydrogen as indicated by the experimental results ob- 
tained. 

The halving of the initial rate when a pressure of alcohol equal to the 
initial pressure of acetone was added, indicated that isopropanol competed 
with acetone for the surface and that the two substances were adsorbed 
with approximately equal strength. This inhibition by alcohol accounts 
for the apparent first-order dependence on acetone pressure of the rate of 
the reaction throughout the course of a run, implied by Eq. [1], despite 
the fact that the initial rate was independent of the acetone pressure. On 
the basis of equal competition for the surface by acetone and isopropanol 
and on the assumptions that both are strongly adsorbed and that the rate 
of the reaction is governed by the amount of adsorbed acetone, the follow- 
ing equation can be derived from equations of the Langmuir type, 


dpr ls ko Da [3] 
dt Pa at D1’ ‘ 


where p, and p; refer to the pressures of acetone and isopropanol, re- 
spectively. If the pressures are replaced by the percentages of acetone and 
alcohol present, Eq. [3] becomes 


da ki(100 — x) _ k,(100 — z) 
—_—; [4] 
dt (100 — x) +2 100 


where z is the percentage of isopropanol at time ¢ and fk; is the initial rate 
of conversion in %/unit time. Integration of Eq. [4] leads to Eq. [1], which 
was obeyed by all the experiments where the ratio of hydrogen to acetone 
was high and provided the results were taken in the early part of the runs 
before the reverse reaction became appreciable. The curved lines obtained 
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when the experiments 5 and 6 of Table III with a ratio of hydrogen to 
acetone of 2:1 were plotted according to Eq. [1] indicated that the simple 
kinetics implied by Eq. [3] were no longer adequate to explain the observa- 
tions under these conditions. 

The results in Table II show that the order of activity of the metals 
for the production of isopropanol as measured by the temperature required 
to attain a fixed rate of conversion, followed quite closely the order which 
has been reported by Beeck (8) for the hydrogenation of ethylene. Pal- 
ladium was, however, exceptional in that it was the least active of the five 
transition metals for the hydrogenation of acetone, whereas it was the 
most active of the five for the hydrogenation of ethylene. The small but 
significant activity observed on gold films was interesting because it showed 
that activity for this reaction was not confined solely to transition metals. 
Table II also indicates that there was a tendency for the frequency factors 
to be larger on the metals with the higher activation energies. The value 
of 8.8 kcal./mole for the activation energy on evaporated nickel films may 
be compared with 9.5 kcal./mole obtained by van Mechelen and Jungers 
(6) in the liquid phase over Raney nickel at the higher temperature range 
of 100-150°C. and with 12 kcal./mole reported by Herbo (7) for his pro- 
moted nickel catalyst in the temperature range 140-170°C. At higher tem- 
peratures Herbo found that the apparent activation energy decreased and 
became negative above 200°C. He attempted to explain this behavior by 
suggesting that the adsorption of the reacting gases was decreasing with 
increase of temperature to a greater extent than the rate of hydrogenation 
was increasing. We believe that the explanation of his results is the estab- 
lishment of the equilibrium between acetone, hydrogen, and isopropanol 
at the higher temperatures, and that at the highest temperatures he was 
measuring the heat of reaction and not an energy of activation. The equi- 
librium constant for the hydrogenation of acetone to isopropanol at 246°C. 
is 5.9 X 10-4 (mm.)-! and consequently in one of the experiments he 
quoted, starting with 245 mm. of acetone and 520 mm. of hydrogen, equi- 
librium would have been attained when 53 mm. of isopropanol had been 
formed. Furthermore, he established that the value of the quantity 
v(p4: Pu)’, where v was the reaction velocity in mg./hr. and p, and pz 
were the initial pressures of acetone and hydrogen in millimeters, was 
almost constant, varying only between 5.9 X 10-4 and 6.9 X 10+; vat 
246°C. We suggest that » was a measure not of the velocity but of the 
amount of isopropanol formed and that, since only small amounts of alcohol 
would have been formed, the final values of the pressures of acetone and 
hydrogen would not have differed substantially from the initial pressures 
and, consequently, that the quantity he reported was actually very similar 
to an equilibrium constant for the reaction. The approximate constancy 


of the quantity confirms, in our opinion, that equilibrium was established 
at 246°C. 
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The capacity of platinum to convert acetone to propane, which was ob- 
served, is in agreement with the work of Farkas and Farkas (9) on the 
deuteration of acetone over platinized-platinum foil, with that of Friedman 
and Turkevich (10), who used a catalyst containing 10% Pt on charcoal, 
and with that of Kauder and Taylor (11) on platinized platinum. However, 
there were substantial differences in the amounts of propane which were 
obtained on evaporated films in contrast to the other types of platinum 
catalyst. Farkas and Farkas used pressures of acetone between 40 and 
100 mm. and comparable pressures of deuterium and found that the yield 
of propane was 68% at —42°C. and that this rose to almost 100% at 0°C. 
In contrast the evaporated films of platinum yielded only about 8% of 
propane in the same temperature range. Farkas and Farkas also showed 
that the formation of propane was slower from isopropanol than from the 
ketone, and they suggested that acetone underwent two independent re- 
ductions yielding either isopropanol or propane. They ruled out the possi- 
bility of the formation of propane by consecutive reactions with isopropanol 
as an intermediate product because of the relatively slow conversion to 
propane they observed with the alcohol as the initial reactant. Two factors 
are probably responsible for the different results obtained on evaporated 
films and on foil. Firstly, it will be noted that the production of propane 
on the evaporated films occurred only to a small extent at the beginning 
of the reaction and then ceased. This indicated that the direct formation 
of propane from acetone was due to the presence of a limited number of 
active sites on the evaporated film and that these sites became poisoned 
quite rapidly. There is evidence for this sort of behavior with evaporated 
films in the exchange of ethane with deuterium (12), since a very rapid 
production of small amounts of the deuteroethanes was observed in the 
first minute or two on some metals and then further exchange followed at 
the normal rate. The sites capable of inducing the catalytic fission of the 
carbon-oxygen bond of the ketone at low temperatures on the foil may have 
been either more numerous or less susceptible to poisoning than those on 
the evaporated film. Secondly, it is possible that both the desorption and 
the adsorption of isopropanol were substantially slower on the foil used by 
Farkas and Farkas than on the evaporated platinum film. This would have 
accounted for both the minor amounts of alcohol obtained from the ketone 
by them and also for the slow rate of conversion of the alcohol to propane 
on their catalyst. 

A detailed discussion of the mechanisms of the reduction of acetone to 
isopropanol and to propane will be possible when the work, at present 
being undertaken, on the reaction of deuterium and acetone over evapo- 
rated films is completed. 
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ABSTRACT 


The compression isotherms of monolayers of linear high polymers spread at the 
air/water interface have been obtained at different temperatures. The polymers 
studied were polyvinyl acetate (PVac), polyvinyl alcohol (PVA), and dimethyl- 
cellulose (DMC). The effect of temperature is insignificant on monolayers of DMC. 
With monolayers of PVAc we find that for a given value of the area per unit of poly- 
mer the surface pressure goes through a minimum with rising temperature. On the 
eontrary, with monolayers of PVA the pressure goes through a maximum with rising 
temperature. From these variations of the surface pressure with temperature the 
spreading entropy and enthalpy have been obtained and conclusions have been 
reached concerning the coherence of these monolayers and their interactions with 
the substratum. 


INTRODUCTION 


The interest inherent in the study of the behavior of macromolecules at 
interfaces has been evident in the last few years from the growing number 
of publications appearing on this question (1-5). 

Several papers deal with the surface pressure and potential as functions 
of the available area per molecule, as well as of the corresponding variations 
in the optical and mechanical properties (viscosity coefficient and moduli of 
elasticity) of the monolayers formed by macromolecules; interesting con- 
clusions were reached in this way (6) concerning the arrangement of the 
macromolecules at the interfaces, their mutual interactions, and their 
interactions with the components of the phases which form the interface. 

The interpretation of the surface pressure-area curves furnishes data 
about the cohesion of the monolayers. In the case of macromolecules, this 
cohesion is the result of the interactions of the skeletons and chains or 
lateral groups and of the internal effects among the segments of the same 
macromolecule (7), all of which are influenced by the nature and composi- 
tion of the interface on which the monolayer is spread (8, 9). 

The portion of these curves corresponding to the lowest pressures has the 
advantage of being easier to interpret in theory and also offers the possi- 
bility of drawing conclusions in some cases with regard to the flexibility 
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and configuration taken by the macromolecules at the interfaces (10), 
apart from the possible determination of molecular weights, when extra- 
polation to an infinite area (11, 12) or zero pressure is practicable (13). 
Generally speaking, this extrapolation gives greater guarantees in favorable 
circumstances that the macromolecules will take on a compact and rigid 
configuration at the interface, whereas, on the contrary, those which favor 
the unfolding of the macromolecule on the interface and increase its internal 
flexibility, lead to a representation 7A-m nonsuitable to this extrapolation 
(9). In this connection, in the last few years, surface balances have been 
developed that are suitable for measuring the lowest pressures (11, 14). 

It must be stated that, although numerous papers have been published 
on the monolayers of high polymers, theoretical research work on their 
equation of state is very scanty. The Flory-Huggins method for macro- 
molecule solutions in three dimensions has been used by Singer (15), 
whereas Saraga and Prigogine (16) have used Flory’s more approximate 
treatment (5). The inter- and intramolecular electric effects on the equation 
of state of monolayers, formed by charged macromolecules, have been 
taken into account by Davies and Llopis (9). 

Except in those cases in which intermolecular cohesion is very great, 
Singer’s treatment is probably the best one for monolayers of polymers (5). 
However, this treatment is based on an idealized model and allows us only 
to give an account of the entropic variation with regard to ideality (17), 
since it introduces the approximations of not taking into account the inter- 
action energies and assumes a random distribution of the macromolecule 
segments at the interface. 

The lack of data concerning the dependence on the temperature of the 
surface pressure-area curves for monolayers of polymers results in ignorance 
of the effect of the first approximation. We have, therefore, thought it de- 
sirable to study, at different temperatures, the compression isotherms of 
monolayers of linear polymers, and attempt to correlate the results with the 
scant existing theory. In principle, and with a view to facilitating interpre- 
tation, more attention has been paid to the portion of the isotherms at low 
pressures, and nonelectrolytic polymers were chosen in order to avoid the 
electrical interactions in charged macromolecules. The polymers studied 
were polyvinyl acetate (PVAc), polyvinyl alcohol (PVA), and dimethy]- 
cellulose (DMC). The existence of lateral chains in PVAc and DMC may 
increase cohesion among the segments of the polymer. 


EXPERIMENTAL TECHNIQUE 


The surface pressures were determined by means of a Langmuir-Adam 
torsion balance, with a single wire and optical enlargement. The lowest 
pressure that can be measured, by using a 14.0 X 31.3 cm. trough, was 25 
mdyne cm.~1; and the highest, 20 dyne cm.—!. The accuracy of each meas- 
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urement was about +10 mdyne cm.—. This balance was held in an air 
thermostat, the temperature of which was regulated by means of a bi- 
metallic junction and an electromagnetic relay. The inner surface of this 
thermostat was metallic and directly connected to earth to permit the 
measurement of surface potential. The temperatures were measured with a 
thermometer introduced into the trough which was used to spread the 
monolayers, just behind the mobile barrier. This way of measuring the 
temperature may have been partly responsible for the dispersion of results, 
for the temperature which it would have been really interesting to know 
was that of the interface in question. However, this effect was lessened by 
the thermostatization of the atmosphere, as proved by the fact that the 
dispersion obtained was not excessive. Other causes of error were probably 
more important as regards this dispersion; for instance, the more or less 
complete spreading of the macromolecules which form the monolayer at 
the interface, the measure of the volume of the spread solution, and the 
measure of the area. The temperature could be measured with an accuracy 
of 0.1°C., and its variation in the course of an experiment was below 0.1°C. 

The surface potentials were measured by an ionization method, by means 
of an electrometer fitted with an E.T.1. valve. 

As substratum in all cases a solution of 0.001 N hydrochloric acid in 
doubly distilled water was used. The experiments described in this paper 
were carried out at the air/water interface, with a quartz trough with 
paraffined edges. The paraffin used for this purpose and also to cover the 
fixed and mobile barriers must be of high melting point (65°C.), making it 
possible to work easily in the temperature range at which we operated 
(15-50°C.) 

: EXPERIMENTAL RESULTS 
Dimethylcellulose 


As is known, it is possible to study the behavior of some derivatives of 
cellulose when they are spread as monolayers at the air/water interface 
(18-21). A lengthy paper on this question was written by Adam, and a 
general discussion of the results is described in his well-known monograph 
(22). It can be inferred that the methyl] derivatives of cellulose spread well 
as monolayers, but, as regards the influence of the temperature, Adam 
mentions only that, in the 15-50°C. range, this factor does not seriously 
affect the pressure-area curves. In this aspect, he refers only to the deriva- 
tives of cellulose that have been studied and does not concretely specify 
how far the results are certain. 

On the other hand, we must bear in mind that when the cellulose chains 
spread out on the surface, the exose rings lie flat and the only flexibility of 
these macromolecules will be that allowed by the bending of the oxygen 
bonds between two successive rings. Consequently, it would seem desirable, 
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with a view to a possible theoretical study, to know in detail the pressure- 
area and surface potential-area curves at different temperatures, since, In 
these polymers, the flexibility of the monomer groups themselves is null and 
the total flexibility of the macromolecule is the result of the union between 
them. 

The derivative studied in this case was a noncrystallized dimethylcellu- 
lose. The sample used, after being purified, was washed with chloroform, 
which removed the more methylated fractions, that were soluble in this 
solvent; in the remainder, the CH,0— groups were determined by analysis, 
and a value of 1.61 methoxyl groups per exose monomer was found. This 
methylcellulose dissolves in water, albeit slowly; and, for this reason, it is 
advisable to heat to 50°C. for a long time, in which way a perfectly trans- 
parent solution is obtained. To spread the monolayer, a solution in water 


4 One — 1 m.2/mg. 
Sa 
E 3 
= 
# Ds 
5 0°05 ——0- 2 m.2/mg. 
° 
0.6 —__—_____————- 3 m.2/mg. 
Ee 
© 04 
~ ————_—» —0- 4 m.2/mg. 
Oe eo ——— 0 =m 3/mE: 
20 30 40 50 


Temperature, °C. 


Fiaure 1 


containing about 0.25 mg./cm.? of polymer was used, with the addition of 
10% of its volume of isopropyl alcohol. The spreading of the monolayer is 
achieved by means of an Agla microsyringe and, generally speaking, it has 
been seen that the most reproducible results are attained when compression 
is applied 2 or 3 minutes after the spreading of the monolayer. If we wait 
until 30 minutes, no variations are observed in the low-pressure area; but 
slightly higher pressure values are found in the more compressed areas. 
This may be due, as in other cases (23), to the fact that, after a time, the 
macromolecules at the interface get a more unfolded configuration, al- 
though the chances of contamination of the surface also increase. Therefore, 
in view of the fact that in this case the effect is not appreciable, it was 
thought better to proceed as stated. 

For each temperature value several 7-A curves were obtained; ana, 
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from these, a median curve was drawn, on which the values represented in 
Fig. 1 were interpolated. In this figure, the surface pressures are shown in 
dyne cm.~ as a function of the temperature in °C. and for five values of the 
available area expressed in m.? mg.—. For the study of the lowest pressures 
we proceeded in the same way, with other experiments in which the quantity 
of substance spread in the formation of the monolayer was much less. The 
two series of experiments coincide fairly satisfactorily in the pressure values 
in which they overlap. The reproducibility achieved up to areas of 3 
m.” mg.~ is --0.02 dyne cm.— and for areas of 1.5 m.? mg-!, £0.15 dyne 
cm.~*; the dispersion of results increases rapidly when pressures exceeding 
5 dyne cm.—! are dealt with. 

This figure shows that the effect of the temperature is insignificant on 
monolayers of these polymers, in accord with Adam’s indications. 

Surface potential-area curves were also obtained for two extreme tem- 
peratures (21.9°C. and 40°C.), and it was observed that the influence of the 
temperature is likewise very slight as regards the orientation adopted by 
the exose groups on the fluid surface. The effect. observed, some 20 mv. 
for an area of 1 m.? mg.—', indicates that the surface potential is somewhat 
lower in proportion as the temperature rises, and this effect is null for 
greater areas. 

Polyvinyl Acetate 


This polymer can be perfectly well spread in monolayers at the air/water 
interface (1). The 7-A curves then obtained by compression do not depend 
on the time we wait after the formation of the monolayer. However, in 
tracing these curves it is advisable to let the compression occur slowly, for 
otherwise it takes some time to get the proper equilibrium pressure. In 
total, the 7-A curves (the latter being expressed in m.? mg.—!) depend only 
slightly on the average molecular weight of the polymer in question, and 
only at the larger areas is a tendency observed to get higher pressures when 
the mol. wt. diminishes; at pressures exceeding 2 dyne cm.— the differences 
found fall within the usual dispersion of this kind of measurements. The 
compressibility of these monolayers is very great at low pressures and 
reaches a minimum with areas of 15.8 A.?/monomer. The collapse pressure 
is 26.4 dyne cm.~', and it must be remarked that the monolayers of this 
polymer show no hysteresis in successive compression and expansion proc- 
esses, even when the limiting values of pressure are reached (24, 25). 

The determination of molecular weights by extrapolation to 7—0, in the 
representation of 7A against 7, leads to very low values (26); this is due 
to the fact that, in this case, this representation is not linear but concave 
towards the axis of the pressure (27), even for very low pressure values. 
This deviation corresponds, according to Davies (8), to a high value of 
macromolecule flexibility, when the latter is expressed by the parameter z 
of Singer’s equation. In this sense, we have calculated on the basis of our 
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experiments carried out at 20°C., a value of w = 1.10, which does indeed 
belong to a very flexible molecule. 

To study the influence of the temperature on monolayers of this polymer, 
we carried out the series of experiments the results of which are shown in 
Fig. 2. The polymer used was prepared by the block method and has a 
very high mol. wt. (~~ 450,000). The monolayer is spread at the air/water 
interface, with a solution of 0.001 N hydrochloric acid as a substratum, 
and the spreading is achieved by means of a solution of the polymer in 
benzene, with a concentration of 1 mg. cm.~*. 

The average reproducibility attained in relation to the pressure for each 
series of experiments can be estimated at 3.5%. In this figure the pressures 
attained for different area values in m.? mg. are represented as a function 
of temperature in °C. It is seen that, in this case, the effect of temperature 
is considerable, even for a large expansion of the monolayer. For a given 
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value of the area per amount of polymer the surface pressure reaches a 
minimum with rising temperature. 

The influence of the variation in temperature on the surface potential is 
slight; only at 40°C. lower potentials are observed for areas of 4 m.? mg. 


Polyvinyl Alcohol 


The monolayers of polyvinyl alcohol are fluid and very compressible. 
This polymer is soluble in water and it might be thought that its monolayers 
would be unstable and penetrate into the water, especially when com- 
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pressed. However, this does not occur, for no effect is seen owing to slow 
diffusion when the monolayer is expanded again (1). Monolayers of this 
polymer can be formed from a solution in a mixture of water and propyl or 
ethyl alcohol. 

The polymer used in the experiments here described has an elevated 
molecular weight and is very pure, although it may contain some traces of 
acetyl. For the formation of the monolayer an aqueous solution is used, 
the polymer concentration of which is 1 mg. cm.-*, with added isopropyl 
alcohol to 30% in volume. For these monolayers, no aging effects have 
been observed; but, as with polyvinyl acetate, the pressure drops somewhat 
after a rapid compression. In order to avoid this effect, in these cases we 
have proceeded by slow compression, regulating the latter by means of a 
motor. 

As in the former cases, the results obtained are represented in Fig. 3, in 
which the pressures are set forth as a function of the temperature, for 
different values of the available area per milligram of substance. 

It is of interest to point out that, in this case, the pressure passes through 
a maximum with rising temperature, and this maximum shifts towards 
lower temperatures as more compressed states of these monolayers are 
considered, until, for an area of 1 m.? mg.— the pressure is a maximum at 
20°C., the lowest temperature used. 


Discussion 


The dependence of the 7-A curves on the temperature will allow us to 
draw certain conclusions about the energy of interaction existing in the 
macromolecules which form the monolayer in question. 
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Following Harkins (28) we define the thermodynamic magnitudes of 
spreading as: 


an Can +a m 
O0g/ 4.7.4 Oog/ £,T,A O0g/ 2,7,A 


in which the variation of the area of the film a, is obtained by means of a 
mobile barrier, and therefore, at the same time as this former area is in- 
creased the free surface of the substratum oc. is decreased in the same 
proportion, the total surface, E = o, + aa, remaining constant. 

If in the aforesaid variation the free surface of the substratum is not 
affected, the thermodynamic magnitudes of extension ge, he, Se, are ob- 
tained in the partial derivation. 

Now ge = gs + ga and similar expressions for the entropy and enthalpy 
are evident, the corresponding magnitudes per unit of substratum surface 
being ga, Aa, Sa. 

From the variations in surface pressure with the temperature it is 
possible to calculate the spreading magnitudes by means of the expressions 


wont a= (%),, &=-[Fam|-7GH). 


In the case of DMC, it will be observed in Fig. 1 that + depends very little 
on the temperature, and the dispersion of experimental results prevents us 
from differentiating, even in the best of cases, if this dependence is not 
linear. Admitting that it is effectively so, for an area of 1 m.? mg. we ob- 
tain a spreading entropy of s, = 0.01, erg cm.~? dgr.. At the same time 
we get a zero enthalpy h;, which would seem to prove that with this polymer 
the molecular interactions are zero and, as regards the interactions with the 
molecules of the substratum, there is no variation by the differential expan- 
sion, at any rate up to the compressions studied; consequently, in the 
interpretation of the z-A curves, only the variations in entropy need be 
considered. 

The same thing does not occur with the other polymers studied. With 
the results set forth in the relevant figures, by means of the expressions [2] 
we have found the spreading enthalpies and entropies for two tempera- 
ture values, viz., 25°C. and 40°C. The results are summed up in Tables I 


TABLE I 
Spreading Entropy and Enthalpy Values for PVAc Monolayers at the Air/Water 

Interface 

m.?mg.7! hs $525 hg? 5440 

ero —18 —0.030o +129 0.45 

2 Yun — Ons +87 0.30 

3 —3.2 +0.005 +35 0.12 

4 +8. +0.015 +17.7 0.06; 

5 +3.4 +0.012 AT. 0.025 
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(PVAc) and II (PVA) and represented, respectively, in Figs. 4 and 5, in 
relation to the areas available in m.2 maT 

The first thing observed when comparing these two figures and the tables 
of values mentioned above is that, for 25°C. we get in both cases similar 


TABLE II 


Spreading Entropy and Enthalpy Values for PVA Monolayers, at the Air/Water 
Interface (h, in erg cm.~*; s, in erg cm.~? dgr.~1) 
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h, and s, values and an identical variation of these magnitudes with com- 
pression. However, at 40°C. the difference in behavior as regards these 
magnitudes is fundamental, since with PVA monolayers we get negative 
h, and s, values, which continue to decrease with compression, whereas 
with PVAc they are positive and increase with compression. 

To interpret this different behavior we have to bear in mind that in 
monolayers formed by high polymers and up to pressures that are not ex- 
cessively high, the variation with compression of the spreading entropy is 
due to the following causes: (a) the ideal variation depending on the as- 
sumption that the macromolecules are rigid; (b) the variation due to the 
flexibility of the long chains of the polymer; (c) the contribution arising 
from the possibility that some part of the macromolecule may penetrate 
into the substratum; and (d) the influence of the incomplete unfolding of 
the macromolecules at the interface. As regards the enthalpy, these causes 
will have an influence in so far as they affect the energy of interactions of 
a segment with the others of the same macromolecule, with those of an- 
other neighboring macromolecule, and with the molecules which constitute 
the interface. 

As regards the first factor, the spreading entropy will be positive and 
increases with compression. The spreading enthalpy will be zero if there are 
no interactions among the macromolecules; if there exist attractions or 
repulsions, a factor of reality is introduced, which will cause the enthalpy 
to be positive or negative, as the case may be. In so far as these interactions 
depend on the average distance between neighboring molecules, the law of 
variation of this fraction of the spreading enthalpy with compression will 
result. 

The deviation of the spreading entropy in relation to ideality, due to the 
flexibility of the macromolecules, is the only thing that has been studied 
by means of a statistical mechanical treatment, by the same process as was 
followed in the study of macromolecule solutions in three dimensions. 

If we accept the definition of flexibility given by Davies (8) asw = z — 2, 
z being the coordination number of the monomers in the bidimensional 
postulate of the quasi-reticulum at the interface, it follows, according to 
Singer’s equation, that the spreading entropy is positive and increases with 
compression more rapidly when more flexible macromolecules are con- 
sidered. 

But, in order to take into account the intramolecular cohesion in the 
equation of state, this factor may be introduced in the configurational 
term z (9), so that: 


wo Seas (e] 


i being the energy barrier required to change the place of a monomer, pre- 
viously leaving a hole to be filled. This hypothesis is not justified a priori, 
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but it has given good results in the study of polyamino acid monolayers 
taking into account the intramolecular electric actions. 

If it is assumed, in principle, that E does not depend on the available 
area per molecule, it follows from [3] that w increases with 7 and owing to 
this increment in the flexibility of the macromolecule, the spreading 
entropy will be more positive. Naturally, the value of E will depend on the 
strength of the cohesion forces, and, therefore, it is to be expected that this 
thermal effect will be greater whenever the attraction among the segments 
is greater. 

As regards the variation in the spreading enthalpy with the intramolec- 
ular actions, this will depend on the influence of the available area per 
macromolecule on the average distance between two segments. 

_ We shall subsequently study the contribution arising from the possi- 
bility of a part of the macromolecule skeleton sinking into the substratum, 
thus diminishing the number of hydrophilic groups at the interface. It is 
evident that this penetration originates an increase of entropy and, at the 
same time, the introduction of —CH.— groups in the aqueous phase 
originates a disturbance in the H.O structure with an increase of enthalpy, 
since the affinity of a —CH,— group for H;0O is negligible as compared 
with that of these molecules among themselves; nevertheless, this effect is 
partly compensated by the lessening of enthalpy, which involves a better 
solvation of the hydrophilic groups and, consequently, the result will depend 
on the balance existing in the macromolecule between the hydrophilic and 
hydrophobic groups. 

When there is a differential expansion and, consequently, an access to 
the surface by the sunken part of the molecule in the monolayers here 
considered, a lessening both of the entropy and the enthalpy is to be ex- 
pected. 

The degree of unfolding of the macromolecules at the interface will 
depend on their state in the solution used to form the monolayer, and it is 
probable that, at the interface, at least a part of the macromolecule will 
still retain the configuration it had in the solution. Up to what point the 
molecule will be unfolded at the surface cannot be decided in principle; but 
if the intramolecular cohesion has an influence on this fact, the tempera- 
ture may be expected to play an essential part in the unfolding and a 
major portion of the macromolecule is freed from tridimensional rolling 
and can participate more freely in the bidimensional thermal movement 
(29). 

If in the light of these ideas we try to interpret the results found when 
studying the monolayers of polyvinyl alcohol and polyvinyl acetate, we 
infer that: (1) In both cases even for areas of 3 m.? mg.~! cohesive forces are 
apparent at the air/water interface, which originate a spreading enthalpy 
that is not zero. (2) The influence of a partial penetration of the macro- 
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molecule into the substratum increases with the compression of the mono- 
layer, and this effect, when the temperature rises, becomes very noticeable 
in the case of PVA, owing to the preponderance of the hydrophilic part of 
the macromolecule; on the contrary, with PVAc, when the temperature 
rises the other effects prevail. (3) In both cases, conclusions from a theoreti- 
cal study of the 7-A curves, should be substantiated by the results for pres- 
sures below 0.1 dyne cm.7}. 
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INTRODUCTION 


All who have worked with Sir Eric Rideal agree about his gay and in- 
fectious enthusiasm for scientific work and about his conviction not only 
that all problems are soluble but that it will be great fun solving them. I 
have been enormously grateful for this from the day of my arrival in Cam- 
bridge as a shy student from Tasmania when he set me to work on a table 
in the basement among the dustbins (the only space available). All diffi- 
culties disappeared, and we even solved, after some months of hard work, 
the problem of the removal of the dustbins. On the more scientific side 
we were interested in the real area of solid surfaces and one of our first 
pieces of work (1) together was the determination of the area of a metal 
surface by measurement of the electrical capacity of the interface when it 
was immersed in an electrolyte. These measurements showed that the 
“real” area (in this case the area accessible to hydrogen ions and to water 
molecules) of a smooth metal surface was appreciably greater than its 
apparent area and, if the surface was rough, it could be several times 
greater. 

We are in this laboratory at the present time using a number of different 
physical methods for studying the contour and topography of solid sur- 
faces. They all show that even when the surfaces are carefully prepared by 
polishing (or indeed by cleaving) they are not flat but contain irregularities 
and hills and valleys which are large compared with molecular dimensions. 
In this paper a brief account will be given of the methods of surface exami- 
nation which we are finding most useful and, in particular, of some recent 
results of applying electron microscopy to a study of the nature of solid 


surfaces. 
Stytus Mreruops 


Instruments have been developed which amplify the movement of a 
tracer needle as it passes slowly over the surface and follows its contours. 
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The stylus is usually a conical diamond which may have a radius of curva- 
ture at its tip as small as 2 X 10~* cm. The vertical movement of the stylus 
is amplified electrically and recorded on a moving paper. Considerable 
ingenuity and precision have been employed in the design and construction 
of these instruments, and they can operate successfully with a vertical 
magnification of 40,000. Certain inherent difficulties arise at high magni- 
fication, such as the difficulty of fixing accurately the reference datum 
level and, if the surface is soft, its damage by the stylus. A great advantage 
of this type of instrument is that it gives a record of the surface contour 
more quickly and conveniently than other methods, and it does not in- 
volve the destruction of the surfaces. Its ultimate sensitivity is limited by 
the finite size of the needle, which prevents it from penetrating the finest 
scratches or irregularities. It will, however, under favorable conditions, 
detect pits or scratches which are only 250 A. deep. An account of the 
underlying theory and of the value and the limitations of stylus methods 
has been given by Reason, Hopkins, and Garrod (2). 


TAPER SECTIONING 


A standard method of studying surface irregularities is to cut a cross 
section at right angles to the surface and examine it under the microscope. 
For small surface irregularities the highest powers must be used and the 
area of the field is therefore very restricted. Also, the minimum size of ir- 
regularity which can be observed is limited by the resolution of the micro- 
scope. Provided the surface irregularities are elongated in one direction— 
this is so, for example, with scratches caused by grinding or abrasion and 
with the surface damage caused by sliding—both these limitations can, 
to a considerable degree, be overcome by cutting the section obliquely to 
the surface. In this way a taper section is obtained with the vertical com- 
ponent of the surface contour greatly magnified relative to the horizontal 
one. The ratio of the magnification in the vertical and in the horizontal 
direction in the final section is the cosecant of the angle a. If the section 
is cut at an angle a = 5° 42’ the ratio of the vertical to the horizontal mag- 
nification would be 10:1. It is necessary to protect the surface irregularities 
from damage by electroplating with a metal of similar hardness. This 
method of cutting is, of course, not new, but it appears to have first been 
described by Nelson (3). 

It has been further developed by Dr. Moore and others working in this 
laboratory (4). With this method surface irregularities which are of the 
order of 10-* cm. in height may be detected. It has the disadvantage that 
the surface is destroyed and it is a difficult and somewhat tedious tech- 


nique. It does, however, have the great advantage that it reveals the struc- 
ture of the solid beneath the surface. 
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Mou.tieLe Bream INTERFERENCE 


Simple two-beam interference methods for measuring surface contour 
have, of course, been in use for a long time. With the simple method the 
light and dark interference bands are comparatively broad. The variation 
of intensity from one maximum to the next is a sine squared function and 
the width of a “line” at half-maximum intensity is 50% of the spacing 
of the lines. This means that detail causing a shift of the maximum of less 
than 14 of an order would be almost invisible. Tolansky (5) has recently 
made notable advances by developing interference methods to a high de- 
gree of sensitivity. If the surfaces of the optical flat and the lens are coated 
with a layer of silver having a high reflecting coefficient (85-95%) and a 
significant transmission coefficient, the incident light will be reflected back 
and forth and the interference pattern will be the resultant of all these 
beams. The effect. (which is analogous to increasing the number of lines 
on a diffraction grating) is to leave the maxima and minima of intensity 
as before, but to alter the distribution of intensity between one maximum 
and the next. 

The intensity distribution is similar to that obtained in a Fabry-Perot 
interferometer: narrow bright lines in a dark field; the width at half- 
maximum intensity about 2% or 3% of the distance between orders. Fine 
detail of imperfections of surface finish corresponding to variations of 
thickness of the film 1499 of that between successive orders is easily visi- 
ble. If X = 5000 A., this corresponds to the detection of features 25 A. 
high. 

By a modification of the method and the use of a spectrograph and 
white light the sensitivity can be increased still further, and steps and 
similar features in the surface as small as 6 A. can be detected and their 
magnitude measured to an accuracy of about 1 A. or 2 A. It is a most 
sensitive and exact method for measuring distances normal to the surface. 
Its resolution in a direction parallel to the surface is comparatively low. 

Dr. Courtney-Pratt has used it to measure the chain length of hydro- 
carbons adsorbed as a monolayer on the surface (6). Dr. Bailey (7) has used 
it to measure molecular contact between cleaved mica surfaces. Recently 
she has made the remarkable observation (8) that if mica is cleaved in air 
and the surfaces placed together again so that molecular contact occurs 
the adhesion strength is almost the same as (about 17% less than) that of 
the virgin mica. If a monolayer of hydrocarbon is adsorbed on the surface 
the adhesion is enormously reduced. 


REFLECTION ELECTRON Microscopy 


The electron microscope is, of course, a very powerful instrument for 
studying the detailed structure of surfaces. It normally works by trans- 
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mission, and it is generally necessary to prepare transparent replicas of 
the surfaces. Apart from the fact that replica techniques are often a tricky 
business, it is never certain that they follow the original contour exactly, 
nor is the interpretation of the transmission micrograph obtained from the 
replica always unequivocal. These difficulties do not arise when the electron 
microscope is used as a reflection instrument. The general principle is to 
direct the electron beam at glancing incidence on to the surface under 
examination, and to focus the scattered electrons in the usual way. Active 
work on this is being done in the U.S.S.R., in France, and in England. A 
general review of this work has been given (9). The resultant electron 
micrograph reveals the surface contours somewhat in the same way as a 
pedestrian sees the surface irregularities of a road illuminated by oncoming 
car headlights. Long shadows are cast by surface irregularities, and they 
are foreshortened because of the small angle of viewing. Since we know 
the angle of the incident electron beam, it is easy to calculate the true 
height of the surface features. The great advantage of this technique is 
that replicas are not necessary: the surface itself is examined directly by 
the beam. 

Some years ago Dr. Menter (10), working in this laboratory, showed that 
a very simple modification to a standard transmission microscope (the 
Metropolitan Vickers EM 3) would enable it to take reflection micrographs 
of great clarity, good resolution, and considerable depth of focus. The 
surface of a highly polished metal viewed by reflection electron microscopy is 
illustrated in Fig. 1. This photograph, taken by Mr. Seal, is of a gold surface 
which had been highly polished with alumina so that a Beilby layer is 
formed on it. To ordinary methods of examination it appears bright and 
smooth and the optical microscope would not reveal structure. The hori- 
zontal magnification of this picture is about 1000, and it will be seen that 
the surface is certainly not flat but is covered with a series of mountain 
ridges and furrows. It should be emphasized that this surface layer has been 
produced by a polishing process which involves high-temperature flow 


ve! fleet) s at ier ] 
Fia. 1. Reflection electron micrograph of a polished gold surface. The micro- 
roughness of the surface is apparent. 
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(11). It is not surprising when we can see such a surface that the area. 
accessible to hydrogen ions is greater than unity. 

Because of its great depth of focus this method is suitable for examining 
solids with a high degree of curvature such as fibers and Fig. 2 shows its 


Cc 


Fig. 2. Reflection electron microscopy of fibers. The deformation and damage 
occurring when a flat platinum slider is rubbed once along a drawn nylon fiber is 
shown: (a) undamaged fiber; (b) damage at a load of 200 g.; (c) damage at a load 
of 280 g.; heavy tearing occurs at the center of the track. 
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application to a study of the structure and wear of nylon fibers (12). This 
original fiber is illustrated in Fig. 2(a) and the cobblestone structure of 
the surface is apparent. Figure 2(b) shows the deformation and damage 
produced when a flat platinum shder at a moderate load is rubbed once 
over the surface. The more profound damage under a heavier load and the 
peculiar deformation of the fiber are illustrated in Fig. 2(¢). 


Decomposition or Crystaus. THe Use or A SCANNING Microscorpn. 


In electron microscopy precautions must be taken to ensure that the 
object under examination is not damaged by the electron beam. This is 
particularly important with biological specimens and with other solids 
which may decompose at a comparatively low temperature. The high- 
velocity electrons may themselves initiate chemical reaction or they may 
raise the bulk temperature of the object so that changes occur in it. We 
have been using the electron microscope to examine the mode of decom- 
position of explosive crystals and here the effect of the beam is of course 
particularly important. Recently Oatley and his colleagues (13) in the En- 
gineering Laboratory at Cambridge have developed a scanning electron 
microscope which works in reflection or transmission. Here the electron 
beam which falls on the object is focused to a very small spot which may 
be less than 200 A. in diameter and is made to sean the object in a manner 
analogous to that of a television camera. In this way the average intensity 
is kept very low so that little damage is done. Mr. McAuslan in this labora- 
tory is using this method to study in some detail the thermal decomposition 
of azide crystals. The crystal is placed in the microscope and rests on a metal 
plate which can be heated to any appropriate temperature. The successive 
stages of decomposition can be followed and photographed at convenient 
intervals. 

Iigure 3 illustrates the mode of thermal decomposition of a silver azide 
crystal. The crystal is a long, thin, needle about | u in cross section and 
the left-hand end is in good thermal contact with the underlying plate so 
that 1t decomposes first. It will be seen that the decomposition of the crystal 
is not primarily a surface effect. nor does it proceed in a uniform manner. 
Decomposition occurs within the crystal which breaks up into small block- 
lets a few tenths of a micron in size (14). These decompose into silver and 
nitrogen and the silver is left in the form of small nodules. This direct ob- 


servation is yielding useful information about the modes of decomposition 
in the solid state. 


Hiecrron Microscopy AND ELEctRON DIFFRACTION AS A 
Jomnr TECHNIQUE 


Ilectron diffraction is of course widely used for studying the structure 
of solid surfaces. Since it gives us the atomic arrangement in the surface 
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Fria, 3. Scanning electron micrograph of decomposing azide crystal. Reaction is 
occurring within the crystal which breaks up into small blocks ~ 0.3 np. 


layers it is a subtle and valuable tool. We are using it extensively for in- 
vestigating the structure of mono- and polymolecular films on surfaces. 
More recently we have used it simultaneously with the electron micro- 
scope to follow the changes in a decomposing crystal. Mr. J. Sawkill (15) 
has investigated the decomposition of silver azide in this way. A thin erys- 
tal is placed on the stage of the electron microscope and examined in trans- 
mission. The action of the beam causes decomposition to occur and the 
growth of the tiny silver nuclei may be observed in the microscope. At 
various stages in the decomposition the instrument is switched over to 
electron diffraction so that the atomic arrangement in the crystal can be 
observed. The diffraction pattern changes slowly from that characteristic 
of silver azide to that characteristic of metallic silver. Two silver patterns 
are observed. One is highly oriented, the other randomly oriented. The 
highly oriented pattern appears to come from discrete nuclei of crystalline 
silver (about 40 mw in size) formed near the surface of the azide crystal. 
At first the atomic spacing in these nuclei is wider than that of an ordinary 
silver crystal (since they have to fit in to the silver azide lattice) but as 
reaction proceeds and the nitrogens are removed the atoms collapse to the 
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normal silver spacing. The randomly oriented silver appears to separate 
at the boundaries of a substructure within the crystal. Again we have evi- 
dence for the occurrence of decomposition inside the erystal probably at 
the defects and imperfections which exist there. 


Tur Drrect OBSERVATION OF MOLECULES IN A CrysTAL LATTICE 


The resolution of electron microscopes is continually being improved and 
instruments (e.g., Siemens) are now available with a resolution that is a 
little better than 10 A. This is not fine enough to resolve the atomic spacing 
in most crystals since this spacing may be 3 A. or so. If, however, a crystal 
with lattice dimensions comparable with the resolution limit of the micro- 
scope were selected, it should be possible to “see’’ the atomic array in the 
crystal. Dr. Menter! has recently tried this experiment at the Tube Invest- 
ments Research Laboratories, Hinxton Hall, Cambridge, where he is now 
working, and has examined crystals of copper and of platinum phthalo- 
cyanines (16). These are large flat molecules consisting primarily of carbon 
and nitrogen with the metal atom in the center. They form long flat ribbon- 
like crystals, the surface of the ribbon being (001) and the ribbon axis 
[010]. In platinum phthalocyanine, the angle (001)~ (201) is 88° so that a 
erystal will lie on a horizontal supporting film with the (201) planes almost 
vertical. The spacing of these planes is 11.94 A. They should, therefore, lie in 
a suitable orientation for diffraction and the distance between them should 
be resolvable in the electron microscope. Figure 4 shows a photograph he 
has taken. This is taken in transmission on a crystal about 200 A. thick, and 
the magnification is about one and a half million times. It is seen that it 
consists of an extremely well-defined series of uniformly spaced parallel 
lines. The distance between these lines is 12 A., which corresponds to the 
spacing of the 201 planes in platinum phthalocyanine (as determined by 
X-ray diffraction). This is an exciting picture, since it is the first direct 
observation of molecular array in a crystal. We are indeed peering into 
the heart of matter. 

The failure of solids to reach their maximum theoretical strength was 
attributed by Taylor (17) in 1934 to the existence of defects in the crystal 
lattice in the form of dislocations. The indirect evidence for the existence 
of these dislocations is very strong (18) but since they are of molecular 
dimensions they have not hitherto been directly observed. Now that we 
can see the actual molecular array in a crystal can we see these defects? 
Close examination of Fig. 4 shows that over most of the area shown here 
the molecular arrangement is quite orderly. However, some defects are 
present. A very interesting one is shown inside the square. This appears 
to be a beautiful example of an edge dislocation. It will be seen that one 
row of molecules stops and the two adjacent rows then converge. It is 
likely that this dislocation traverses the full thickness of the ervstal. In 


Fig. 4. Direct observation of molecular array in crystal of platinum phthalo- 
eyanine ca. X 1,500,000. The spacing between atomic planes is 12 A. Note the edge 
dislocation. 
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other crystals Menter has found screw dislocations and numerous and com- 
plicated arrays of dislocations. Since the strength properties of solids are 
governed by these dislocations it is clear that we have a powerful weapon 
for studying many problems in solid-state physics. 

Preliminary examination of the edges of these crystals shows that in 
general there is no tendency for the spacing of the planes immediately 
adjacent to the surface to be different from that in the interior. Since we 
can examine the surface in such detail it should prove of great value in at- 
tacking a number of important problems in surface physics and chemistry. 


REFERENCES 


1. BowveEn, F. P., anp Rrpgat, E. K., Proc. Roy. Soc. (London) A120, 80 (1928). 

. Reason, R. E., Hopkins, M. R., anv Garrop, R. I., Report on Measurement. 

of Surface Finish by Stylus Methods. Taylor-Hobson, Leicester, England. 
3. Netson, H. R., Proceedings of Conference on Friction and Surface Finish, 
Massachusetts Institute of Technology, p. 217, 1940. 

4. BowpvEn, F. P., anp Tasor, D., “The Friction and Lubrication of Solids.’” 
Oxford University Press, New York, 1950; rev. ed., 1954. 

5. Totansky, 8., ‘Multiple Beam Interferometry of Surfaces and Films.’’ Oxford 
University Press, New York, 1948. 

6. CourTNEY-Pratt, J. S., Nature 165, 346 (1950). 

. Battey, A. I., anp Courtney-Pratt, J. S., Proc. Roy. Soc. (London) A227, 

500 (1955). 

8. Battgy, A. I., Unpublished. 

9. CossteTt, V. E., Nature 170, 861 (1952). 

10. Menvrrr, J. W., J. Inst. Metals 81, 163 (1952); J. Photographic Sci. (London) 1, 
12 (1953). 

11. BowpEn, F. P., AND Ripumr, K. E. W., Proc. Roy. Soc. (London) A154, 640 (1936). 

12. CHapMaNn, J. A., AND Mrenter, J. W., Proc. Roy. Soc. (London) A226, 400 (1954). 

13. Smirx, K. C. A., AND OatuEy, C. W., Brit. J. Appl. Phys. 6, 391 (1955). 

14. BowbEn, F. P., anp Sineu, K., Proc. Roy. Soc. (London) A227, 22 (1954). 

15. SAWKILL, J., Proc. Roy. Soc. (London) A229, 135 (1955); see also Bowpen, F. P., 
“Selected Combustion Problems,” p. 385. Advisory Group for Aeronautical 
Research and Development, 1953. 

16. Menrer, J. W., Proc. Roy. Soc. (London), A236, 119 (1956). 

17. Taytor, G. I., Proc. Roy. Soc. (London) A145, 362 (1934), 

18. See Corrrett, A. H., ‘Dislocations and Plastic Flow in Crystals.’’ Clarendon 
Press, Oxford, 1953; Mort, N. F., in “Surveys in Mechanics”’ (Batchelor and 
Davies, eds.), p. 32. Cambridge University Press, 1956. 


i) 


JOURNAL OF COLLOID SCIENCE 11, 565-574 (1956) 


EFFECTS OF X-RAYS ON DILUTE AQUEOUS SOLUTIONS 
OF AMINO ACIDS 


Judith Nosworthy and C. B. Allsopp 


Guy’s Hospital Medical School, London, England 
Received March 12, 1956 


ABSTRACT 


The effects of X-rays on aqueous solutions of @-phenylalanine, tyrosine, and 3,4- 
dihydroxyphenylalanine in the presence of oxygen have been studied. Evidence has 
been obtained that, in addition to oxidative deamination, reactions occur in which 
dopa is formed from tyrosine, and an indole derivative is produced from dopa. It is 
thus possible that the irradiation of aqueous solutions of tyrosine can set in train the 
same sequence of oxidative changes as occurs during the metabolic oxidation of 
tyrosine to a melanin pigment. 


INTRODUCTION 


The chemical reactions which result when aqueous solutions are irra- 
diated with X-rays or other ionizing radiations are predominantly oxida- 
tive in character, especially when oxygen itself is present, and massive 
irradiation of amino acids has been shown to cause oxidative deamination 
(1). Such radical changes, however, do not necessarily preclude the possi- 
bility that milder oxidation may also occur. The effects of X-rays on dilute 
aqueous solutions of three a-amino acids, 6-phenylalanine, tyrosine, and 
3,4-dihydroxyphenylalanine (dopa), and some related compounds have 
now been studied. These compounds were chosen not only because they 
have general biological interest but also because tyrosine and dopa are 
known to be intermediates in a metabolic system in which a melanin pig- 
ment is formed (2). It was thought also that the investigation might throw 
some light on the pigmentation which results in human skin after thera- 
peutic doses of radiation. The results show, in fact, that reactions analo- 
gous to those of the metabolic system can be initiated by X-rays. 

When an aqueous solution of tyrosine with the enzyme tyrosinase stands 
in air, it becomes red. The red color fades, the solution later becomes brown, 
and eventually a black precipitate of melanin forms. Raper (3) suggested 


565 


566 JUDITH NOSWORTHY AND C. B. ALLSOPP 


the following sequence of reactions, which is now generally accepted, to 
account for these changes: 


CH,-CH-COOH | eS Saree 
NH, wp W NH, 
HO 
T B-Phenylalanine IT Tyrosine 
HO-—-/ \—CH,-CH-COOH o=/ \ acne Oo 
| 
pO) NH, O yy NH, 
IIT Dopa IV 
HO—/ \\——CH, O= CH, 
HO /CH:COOH O /CH:-COOH 
NH NH 
V VI Dopachrome 
HO—% ry tae 
HONG | y 
NH 
VII 5:6-Dihydoxyindole VIII Phenylpyruvic Acid 
fi -CHO —CH,-CH,-NH» 
LY 
IX Phenylacetaldehyde X B-Phenylethylamine 


Tyrosine (monohydroxy-6-phenylalanine), II, oxidizes firstly to the di- 
hydroxy compound dopa, III, and then to a quinone, IV. This molecule 
undergoes internal rearrangement and ring closure to form the interme- 
diate dihydroxy compound, V, which oxidizes further to the quinone ‘‘dopa- 
chrome,” VI. Another internal rearrangement yields 5 ,6-dihydroxyindole, 
VII, which forms a melanin on oxidation and polymerization. Raper iso- 
lated dopa from the original tyrosine solution and dimethoxyindole deriva- 
tives from the colorless solution which results when the red solution stands 
wm vacuo. Dopachrome itself has not been isolated, but its p-bromopheny]- 
hydrazone and p-nitrophenylhydrazone have been obtained. Other experi- 
ments by Raper (3), by Mason (4), and by Bu’lock and Harley Mason (5) 
have confirmed the correctness of Raper’s interpretation. 

Arnow, who followed chemical changes by observing changes in absorp- 
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tion spectra, found dopa in aqueous solutions of tyrosine after exposure to 
ultraviolet radiation (6); and Nurnberger (7) obtained similar spectro- 
scopic changes when tyrosine solutions were subjected to the action of 
either ultraviolet, 200-kv. X- or radon a-radiations. The tyrosine solutions 
became brown in color. Recently Rowbottom (8) irradiated tyrosine with 
X-rays and y-rays and identified 3 ,4-dihydroxyphenylalanine as one of 
the products. 


New Experiments 


The observations made in the present experiments are set out below. It 
should be noted that at no stage was oxygen excluded from the apparatus 
in which solutions were irradiated, and hydrogen peroxide is known to 
accumulate in them. 


B-Phenylalanine 


A (colorless) dilute aqueous solution of this compound, I, slowly became 
yellow on irradiation with 240-kv. X-rays. In the absorption spectrum of 
the solution, the characteristic peak at 2580 A. increased in intensity with 
increasing dose of radiation, and a weak subsidiary maximum appeared 
at 3250 to 3350 A., followed by increasing absorption at shorter wave- 
lengths (Fig. 1, Curves 7, 6, and 5). The yellow color deepened when the 
solution was warmed with alkali. When the solution was passed through an 
alumina column, the yellow substance remained at the top, but it could 
not be eluted. 

Treatment of the irradiated phenylalanine solution with a freshly pre- 
pared 1% solution of 2 ,4-dinitrophenylhydrazine in 2 N HCl produced an 
orange-colored precipitate of a phenylhydrazone. This turned deep red 
with 10% sodium hydroxide. It could not be satisfactorily recrystallized. 
It could, however, be separated into two clearly defined components by 
paper chromatography: an ascending technique, with a mixture of phenol, 
n-butanol, and water as solvent, was employed. One component ran to 
the top of the chromatogram as do the 2,4-dinitrophenylhydrazones of 
benzaldehyde and of phenylacetaldehyde. The other spot had an A; value 
corresponding to that of the 2,4-dinitrophenylhydrazine derivative of 
pyruvic acid when this compound was run simultaneously on the same 
chromatogram. Some irradiated samples gave no “phenylpyruvic spot.” 
When the solvent was a mixture of cyclohexane, methanol, and ethyl ace- 
tate, a single spot resulted whose R; corresponded to that of the phenyl- 
hydrazone of phenylacetaldehyde. 

This evidence indicates that a mixture of dinitrophenylhydrazones is 
obtained from the irradiated solution. Phenylpyruvic acid readily under- 
goes decarboxylation (e.g., by standing in the presence of air). This may 
be the initial product of irradiation and phenylacetaldehyde the result of 
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Absorption, logy9 € 


230 240 250 260 270 280 290 300 39310 
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Fic. 1. Absorption curves for: 1. Tryptophan. 2. 3,4-Dihydroxyphenylalanine 
irradiated. 3. Unirradiated 3, 4-dihydroxyphenylalanine. 4. Tyrosine. 5. 6-Phenyl- 
alanine irradiated with 105,000 r. 6. 8-Phenylalanine irradiated with 36,000 r, 7. Unir- 
radiated 8-phenylalanine. Curves for unirradiated tyrosine and tryptophan included 
for comparison. 


subsequent reaction. Phenylacetaldehyde polymerizes readily. It forms a 
yellow solution on warming with 10% aqueous sodium hydroxide. On mix- 
ing the pure compound with 6-phenylethylamine, X (a possible product 
from the decarboxylation of phenylalanine), a bright lemon yellow com- 
pound was formed with evolution of heat. No reaction was observed on 
simply mixing dilute solutions. 

Other reactions of the irradiated phenylalanine solutions were: (1) with 
Nessler’s reagent to give a yellow color: ammonia could be driven off from 
an alkaline solution; (2) with Millon’s reagent to give a pink color. The 
latter reaction is not given by freshly prepared unirradiated phenylalanine 
solutions to which hydrogen peroxide has been added. 

Synthetic mixtures of phenylalanine, tyrosine, and dopa could be sepa- 
rated in a few hours by circular paper chromatography when a phenol: 
water mixture was used as solvent, the amino acids being detected by spray- 
ing with ethanolic ninhydrin. Neither tyrosine nor dopa could be found 
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in irradiated phenylalanine solutions in this way, however; but the method 
is incapable of detecting less than a 10% conversion of phenylalanine to 
tyrosine or of tyrosine to dopa. 


Tyrosine 


Irradiated tyrosine solutions reacted with Folin’s reagent (phospho- 
tungstic acid in aqueous phosphoric acid, which is believed to be specific 
for dihydroxyphenols) similarly to unirradiated dopa solutions, the blue 
color produced becoming greenish brown on addition of alkali. The reac- 
tion of this reagent with various dihydroxyphenyl compounds related to 
tyrosine has been compared by Dagliesh (9). Solutions of hydrogen peroxide 
or of tyrosine alone did not give the greenish brown color; but it was ob- 
tained from a tyrosine solution to which hydrogen peroxide had been added. 

Under conditions similar to those used for phenylalanine, irradiated 
solutions of tyrosine and of dopa (and also of alanine) yielded 2 ,4-dinitro- 
phenylhydrazones, the precipitate from irradiated tyrosine being reddish 
brown, and that from irradiated dopa, a dull brown in color. 


Dopa 


On irradiation, dopa solutions became pinkish-red and then brown, but 
the first stage was not always detectable. Unlike the absorption spectrum 
of irradiated phenylalanine, that of dopa in the earlier stages of irradiation 
did not show an increase of absorption at 2810 A. (Fig. 1, Curves 2 and 3). 
The pink solution, however, had a second broad absorption band whose 
maximum was at about 4800 A. (Fig. 2). This corresponds to the band 
attributed by Mason to dopachrome (4). 

The irradiated dopa solutions gave a positive Ehrlich reaction for the 
indole nucleus, and the “indole”’ concentration was measured in this way 
(10). At a constant dosage rate of 1200 r/min. it built up to a maximum 


Logio (optical density x 1000) 


Higher U.V. Unicam S.F. 
spectrograph spectrophotometer 
es 4 


~ 200 300 400 500 600 
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Fig. 2. Absorption spectrum of “dopa” solution after irradiation with 152,000 r. 
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Concentration, mg. per liter 


ce 0 50 100 150 200 250 300 350 =400 


Dose, Rontgen * 1073 


Fra. 3. Destruction of ‘dopa.’”’ Dose rate 1200 r/min. 


value about which it seemed to oscillate as larger doses of radiation were 
given. 

The destruction of dopa was followed by a colorimetric method based on 
its reaction with ninhydrin. The concentrations of the irradiated solutions 
fell linearly with dose (Fig. 3). At the concentration used (300 mg./I.), 
the concentration of “indole” formed was never more than 1% of that of 
dopa, and represented about one-tenth of the dopa destroyed. 


Indole 


In earlier experiments it was shown that at X-ray dosage rates of a few 
r/min. and for doses up to 50 r, indole itself is very sensitive to radiation, 
but that after this initial, sensitive, dosage range, the indole concentration 
as indicated by the Ehrlich reaction remained steady (11). Dosage rates 
between 130 and 1200 r/min. were now used, and the concentration was 
found to fall linearly with dose, without any significant dependence on 
dosage rate, down to concentrations of 1 to 2 mg./l., when the curves be- 
came exponential, the quantity of radiation needed to destroy a given 
quantity of indole at these very low concentrations being proportionately 
higher (Fig. 4). This is to be expected if the effect. of X-rays is primarily 
on the solvent and not on the solute. At a dosage rate of 1200 r/min., the 
initial rate of disappearance of pure indole was comparable with that of 
dopa, so that the steady concentration of an indole derivative observed in 
the irradiated dopa solutions probably results from competition between 
dopa and the products of its decomposition for the oxidizing radicals re- 
leased in the primarily radiolysis of the water solvent. 

The identity of the indole derivative formed in the irradiated dopa solu- 
tions is not established, but it seems likely to be 5,6-dihydroxyindole 
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Ww 
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Fic. 4. Destruction of indole (low concentrations). Dose rate 1200 r/min. 


(VII). With Ehrlich’s reagent this compound gave a purple color whose 
absorption spectrum was practically identical with that obtained from 
indole with Ehrlich’s reagent. The compound, however, is so subject to 
direct oxidation that it was considered that no reliable information would 
be derived by irradiating its aqueous solutions. 


Discussion 


The results which have been described may be summarized as follows: 

1. Irradiation of each of the three amino acids, 6-phenylalanine, tyro- 
sine, and dopa, produces compounds which can form 2,4-dinitropheny]l- 
hydrazones. 

2. In the case of phenylalanine, this compound is phenylpyruvic acid, 
formed by deamination, the product readily undergoing decarboxylation: 


CH,:-CH-COOH CH,-C-COOH 
ne | + NH, 
NH: O 
-—CH::-CHO + CO, 
——>» : 


3. Irradiation of phenylalanine and of tyrosine gives rise to phenolic 
compounds, as indicated by Millon’s reagent. 

4. Tyrosine in addition gives a dihydroxyphenol as indicated by Folin’s 
reagent. 

§. The changes in absorption spectra observed during irradiation of 
tyrosine and phenylalanine are consistent with direct oxidation. 
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6. The changes in the absorption spectra during irradiation of dopa cor- 
respond to those recorded by Mason during its enzymatic oxidation. 

”, During the irradiation of dopa, a compound reacting with Ehrlich’s 
reagent and presumably containing the indole nucleus, is found. 

These results are also in general accord with the changes which can be 
deduced from the changes in the absorption spectra of phenylalanine, tyro- 
sine, and dopa during irradiation as described by Barron, Ambrose, and 
Johnson (12). These authors pointed out that it is not always possible to 
predict the effect of small X-ray doses by extrapolation from those of 
larger doses. They claimed that the initial effect of a moderate dose of 
X-rays, e.g., 46,000 r, on amino acids is oxidative deamination. Neverthe- 
less, their measurements of the loss of phenolic OH in tyrosine during 
irradiation showed it to be comparable in amount to the deamination. Our 
experiments were made under conditions not very dissimilar to those of 
Barron, Ambrose, and Johnson and are in agreement with those of Row- 
bottom in respect to tyrosine. It is concluded that aromatic amino acids 
can be decomposed simultaneously in more than one way. It is therefore 
perhaps not correct to designate any particular reaction as ‘‘primary”’: 
If one, for example, oxidative deamination, appears to be the only one 
when small quantities of radiation are used, it may be only because of the 
difficulty of detecting the presence of small quantities of other products. 

These and our earlier experiments indicate that, despite other reactions, 
there is a possibility that irradiation of tyrosine yields dopa, that the dopa 
may be converted to a derivative of indole which in turn oxidizes and 
polymerizes to a melanin, in fact that the irradiation can set in train the 
same sequence of changes as occur in the natural synthesis of melanin 
from tyrosine. 


EXPERIMENTAL 
RADIATION 


Source and quality. Newton-Victor Raymax Machine working at 240 kv., 14.5 ma., 
with no added filtration. H.V.L. = 0.7 mm. of Cu. 

Measurement. By Victoreen chamber connected to a d.-c. amplifier which was cali- 
brated against a standard Victoreen meter. Results were checked against, and were 
in reasonable agreement with, those obtained by FeSO, dosimetry. 

Irradiation vessel. For quantitative work, quartz stoppered tubes, capacity 2 ml., 
approximating in size to the Victoreen chamber. Alternatively solutions were irra- 
diated in a Pyrex trough covered with a Perspex lid. 


REAGENTS AND SOLUTIONS 

Amino acids. pu forms except for L-tyrosine. Acids and indole prepared by Roche 
Products Ltd. 

Solvent water. From an ion exchange column; or water twice distilled (once from 
alkaline permanganate) in Pyrex. It is known that extraneous organic or inorganic 


solutes may greatly affect radiation chemical yields, and also that the Zn*+ ion 
catalyzes the isomeration of quinones in the dopa — dihydroxyindole reaction. No 
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difference in behavior was observed between solutions made up with water from 
these two sources. 


Solution concentrations. 


(1) Dopa. For disappearance of dopa and formation of “indole’’, 300 mg. of dopa/I. 
(2) Indole. For destruction measurements, initial concentrations of 16, 6, 4, and 
2 mg./l. 
Analytical reagents. All of A.R. grade from British Drug Houses Ltd. Millon’s rea- 
gent: (1) 10 g. HgSO, ground into 90 ml. H,SO, made up to 100 ml. with water. (2) 
Sodium nitrate 10%. Folin’s reagent: (1) 10 g. sodium tungstate in 5 ml. 98% H3PO; + 
95 ml water. (2). Approx. 4 N NH; solution. 
Sensitivities. With an initial concentration of amino acid of 1 mg./ml. and a dose 
rate of 1200 r/mm., Folin’s reagent gave a just visible positive reaction after 30 
minutes irradiation with “tyrosine”’ solution, and Millon’s reagent a just visible 
color with “‘phenylalanine”’ solution. The colors were quite distinct after 45 minutes 
(54,000 r). 


SYNTHESES 
B-Phenylpyruvic acid. According to Organic Syntheses. 


5,6-Dihydroxyindole. By the method of Beer, Clarke, Khorana, and Robertson (13) 
modified as follows: in the hydrolysis of 5,6-acetoxyindole, less dithionate was 
used, the reaction was made at room temperature, the mixture was extracted with 
ethyl acetate instead of with ether, the solvent was distilled off under Ne, and the 
residue was sublimed at 150°/0.01 mm. 


ESTIMATIONS 


Spectra. Recorded with a Hilger Spekker Spectrophotometer and Medium Quartz 
Spectrograph, and with a Unicam SP 60 Spectrophometer at longer wavelengths. 
Absorptionmeter methods. Indole. with a Spekker Absorptionmeter and green filter, 
(9), or at \X = 5660 A. on the Unicam spectrophotometer. 

Dopa. To 2-ml. dopa solution were added 2 ml. of freshly prepared 2% aqueous nin- 
hydrin and 2 ml. of 10% aqueous pyridine. The mixture was heated for exactly 20 
minutes in a boiling water bath and immediately diluted to 100 ml. with cold water. 
The depth of color was estimated at \= 5660 A. 


Chromatography 


Filter paper: Whatman 3 MM. 

The phenylhydrazones were applied in solution in ethyl acetate. 

Solvent systems: (1) Phenol/butanol/water (the aqueous layer from a mixture 
of 3 parts n-butanol + 1 part water + 1 part of a 4:1 v.v. phenol-water mixture). 
(2) Two parts cyclohexane + 4 parts methanol + 0.1 part ethyl acetate. 
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ABSTRACT 


The distribution of serum albumin and sodium dodecyl! sulfate between the inter- 
face and aqueous phase of n-decane emulsions has been measured, and the total in- 
terfacial area of the emulsions determined. In the absence of dodecyl] sulfate, the 
adsorbed albumin film is monomolecular in thickness, the area/residue agreeing 
closely with that found for compressed spread monolayers of serum albumin and other 
proteins. The area/residue is essentially independent of albumin concentration, pH, 
and ionic strength. 

In the presence of sodium dodecyl sulfate, complex formation with the albumin 
occurs at the interface and in the aqueous phase. The composition of the interfacial 
complex and the thickness of the adsorbed film have been determined. Conditions 
under which the complex is displaced from the interface by excess dodecyl sulfate are 
described. 


INTRODUCTION 


The work of Gorter (1), Rideal (2, 3) and their collaborators established 
that many proteins could be spread quantitatively at the air-water surface 
to form stable, coherent, insoluble films whose average thickness corre- 
sponded closely to that of a monolayer of fully extended polypeptide chains. 
The properties and structure of such films have been the subject of many 
later investigations (4, 5), and similar studies have been made on protein 
monolayers spread at the benzene-water or petrol ether-water inter- 
face (6). 

On the other hand, very little progress has been made in determining 
the thickness and orientation of protein films formed by adsorption from 
solution. In many cases, at least, adsorption involves irreversible changes 
in the structure of the protein which rule out all possibility of calculating 
the amount of adsorption from boundary tension data and the Gibbs equa- 
tion, and no alternative experimental technique free from criticism has so 
far been proposed. Thus, the method described by du Noiiy (7) is based 
on several unlikely assumptions, which have been fully discussed by 
Neurath and Bull (4). Langmuir’s method (8) of measuring the thick- 
ness of spread films optically, after transference to prepared metal plates, 
cannot be applied quantitatively to adsorbed compounds at the air- or oil- 
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water interface. By comparing the interfacial viscosities of both spread 
and adsorbed proteins at the same interface, Cumper and Alexander (9) 
have derived values for the thickness of adsorbed films of pepsin, insulin, 
and bovine 6-globulin. The thicknesses varied from about 3A. to more than 
30 A., depending on such factors as the pH and ionic strength of the 
aqueous solutions. One of the assumptions of this method is that the spread 
monolayers and the adsorbed films have essentially the same structure. 
To obtain a clearer understanding of the behavior and significance of 
adsorbed proteins in biological systems, quantitative information con- 
cerning the thickness and structure of proteins adsorbed at different inter- 
faces is needed. In the present work, a quantitative study has been made 
of the adsorption of serum albumin at the n-decane—water interface, with — 
and without the presence of sodium dodecyl sulfate in the aqueous phase. 


EXPERIMENTAL 


Emulsions of decane in buffered solutions of serum albumin were. pre- 
pared by mechanical stirring, followed by passage three times through a 
stainless steel homogenizer. Aliquots of a given emulsion, normally con- 
taining 40% by volume of decane, were then diluted with equal volumes 
of buffer solution containing different amounts, including zero concentra- 
tion, of sodium dodecyl sulfate (NaDS). The buffer solution also contained 
sufficient sodium alginate, as creaming agent, to give a final alginate con- 
tent of 0.15%, calculated on the volume of aqueous phase. At this concen- 
tration the interfacial activity of sodium alginate at the decane-water 
interface is very small and, as will be shown later, does not affect the ad- 
sorption of albumin. All the diluted emulsions of a given series thus pos- 
sessed the same initial interfacial area. After 2 to 5 hours sufficient clear 
serum had separated, as a lower layer, for it to be run off and analyzed 
for protein and NaDSs. 

The separation of serum, in the presence of creaming agent, is similar to 
the phenomenon of syneresis in gels, and does not involve coalescence of 
the emulsion particles unless the original emulsion is of low stability. Over 
the period of 2 to 5 hours mentioned above, analyses of the serum sepa- 
rating from a given diluted emulsion gave the same results, showing that 
coalescence of the emulsion particles was negligible. Analysis also proved 
that when the concentration of NaDS in the emulsions was high enough, 
all the albumin was displaced from the emulsion interface, leaving an 
adsorbed film of NaDS. The amount of NaDS adsorbed remained almost 
constant when its concentration in solution was further increased, showing 
that adsorption had reached a maximum. Since the area/molecule of NaDS 
alone at the decane-water interface, under the same conditions of maxi- 
mum adsorption, pH, and ionic strength, was known from previous work 
(10), the interfacial area of the diluted emulsion could be calculated, thus 
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permitting the amount of protein, or protein plus NaDS, adsorbed per 
unit area of interface to be obtained. 


1. Determination of Albumin Concentration 


Albumin concentrations were determined by light absorption measure- 
ments, using a Hilger Uvispek photoelectric spectrophotometer. Owing to 
the presence of sodium alginate and NaDS in many of the emulsion sera, 
optical density measurements at a single wavelength (278.5 mu) did not 
give an accurate measure of protein concentration. However, as the ab- 
sorption caused by both NaDS and sodium alginate was found to vary 
linearly with wavelength over the range 270 to 290 my, corrections for the 
background absorption of these two components were made by the method 
of Banes and Eby (11).! It can then be shown that if a solution containing 
albumin, sodium alginate, and NaDS has optical densities Fi, E», and E3 
at the wavelengths \i, As, and As, 


albumin concentration [C] = (i, — El — 2) — Ean} 
Le: = e(1 = n) = en} 


) 


where J = cell length, n = oa and €1, €, and e; are the extinction 
coefficients for the pure protein at \1, \2, and A3, respectively. Using standard 
solutions of albumin containing various amounts of sodium alginate and 
NaDS§, optical densities were measured at 270, 278.5, and 290 my, and 
{Z, — Ei(1 — n) — En} plotted against [C]. A straight line passing 
through the origin was obtained, as required by the above expression. The 
protein concentrations of the standard solutions were based on micro- 
Kjeldahl nitrogen determinations, using a value of 16.07 % for the nitrogen 
content of pure serum albumin (12). The protein concentrations in the 
emulsion sera were also periodically checked by micro-Kjeldahl analysis. 


2. Determination of Sodium Dodecyl Sulfate 


The concentrations of NaDS in the emulsion sera were determined by 
titrating against a standard aqueous solution of cetyltrimethyl ammonium 
bromide (CTAB), using bromophenol blue as indicator. The method 
described by Barr, Oliver, and Stubbings (13) was used, except that the 
titration was carried out with a 2:1 mixture of chloroform and acetone 
instead of chloroform alone. Coloration of the chloroform-acetone phase 
by the dye occurs at the end point of the titration. This end point was 
affected by the presence of albumin in the sera, owing presumably to inter- 
action between the albumin and the CTAB. In the analysis of each serum, 


1 Our thanks are due to Mr. G. Higgins for proposing this method of analysis an 
for carrying out many of the absorption measurements. 
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therefore, it was necessary to carry out blank titrations on standard solu- 
tions containing known amounts of NaDS and the same concentrations of 
albumin, sodium alginate, and buffer salt as were present in the serum 
(variation in the alginate content between zero and 0.15% actually had 
very little effect on the end point). The concentration of NaDS in the serum 
was then obtained by interpolation. 

Interfacial tensions were measured by the drop-volume method, using an 
apparatus similar to that described in a previous communication (14). 


3. Materials 


The albumin used was crystallized bovine serum albumin from the Ar- 
mour Laboratories, and the sodium dodecyl sulfate was a sample of high 
purity kindly provided by Lankro Chemicals Ltd. Cetyltrimethyl am- 
monium bromide, sodium alginate, and n-decane were obtained from I.C.I. 
Ltd., Alginate Industries Ltd., and L. Light and Co. Ltd., respectively. 
The n-decane was freed from traces of polar impurities by passage through 
an alumina column, to give an interfacial tension against distilled water 
of 51 dynes/cm. 


RESULTS 
1. Displacement of Adsorbed Albumin by NaDS 


In the experiments shown in Fig. 1., aliquots of a 40% decane emulsion 
in 0.1 M acetate buffer, pH 5.6, were diluted with equal volumes of the 
same buffer solution containing, in addition, 0.24% sodium alginate and 
NaDS in concentrations ranging from zero to 1%. The original emulsion, 


48 3.2 


16 


Albumin adsorbed, mg,/cc. decane 
NaDS adsorbed, mg,/ce. decane 


015 030 045 060 
Concentration of NaDS in serum, % w/v 


Fig. 1. Adsorption of serum albumin and sodium dodecyl sulfate at the emulsion 
interface n-decane/0.1 M acetate buffer, pH 5.6 (n-decane content of emulsion = 20% 


by volume; total albumin content = 0.18 g./100 ml. emulsion). O serum albumin. 
© sodium dodecyl sulfate. 
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stabilized with serum albumin (0.6 g./100 ml. aqueous phase) was allowed 
to stand 30 minutes before diluting with the buffer solution, and another 
21% hours elapsed before the first samples of clear serum were removed for 
analysis. No significant change in the analytical figures was observed if 
longer periods were allowed for the creaming process, i.e., adsorption of 
both albumin and NaDS had reached steady values. In the emulsions con- 
taining no NaDS§, creaming occurred slowly even in the absence of sodium 
alginate, and it was possible to confirm in these cases that the alginate did 
not affect the adsorption data. 

Figure 1 shows the distribution of albumin and NaDS between the 
interface and aqueous phase. As [N aDS].q- increased from zero to approxi- 
mately 0.05 %, adsorption of this component also increased rapidly without 
displacing albumin from the interface; indeed, the amount of adsorbed pro- 
tein appeared to increase slightly. It is known (15) that the presence of a 
small concentration (e.g. 0.01%) of NaDS in 0.1% serum albumin solution 
gives an interfacial tension (I.T.), against benzene, which is considerably 
lower than that due to the protein or the dodecyl sulfate alone. The same 
effect was found to occur with n-decane as the oil phase, indicating that in 
the above emulsions penetration of the protein film by NaDS takes place, 
rather than adsorption of the detergent as a secondary layer underneath 
the protein. 

Increases in [NaDS]aq. above 0.05% resulted in displacement of albumin 
from the interface and in increased adsorption of NaDS. It is clear from 
the method of analysis that the displaced protein was soluble in the aqueous 
phase, owing presumably to complex formation with the NaDS. Displace- 
ment of albumin was complete when [NaD§]aq. exceeded 0.37 %, adsorption 
of NaDS reaching a maximum at about the same concentration. The 
critical micellar concentration (cmc) of sodium dodecyl sulfate in 0.1 M 
acetate buffer of pH 5.6, in the absence of albumin, is 0.04%. At this and 
higher concentrations, the I.T. of the solutions against n-decane at 20°C. 
was found to be 4.3 dynes/cm. Similar measurements on the emulsion 
sera showed that the tensions decreased from 9 dynes/cm. at [NaDS]aq. = 
0.05 % to 4.3 dynes/cm. at [NaDS].q. = 0.384%., further increases in con- 
centration producing negligible changes in tension. It is inferred, therefore, 
that the albumin in the aqueous phase retarded the formation of NaDS 
micelles until [NaDS].q. reached 0.34%, thus accounting for the adsorption 
maximum in Fig. 1 at approximately the same concentration. The amount 
of albumin in the aqueous serum, after its complete displacement from the 
emulsion interface, was 0.225%. 


2. Effect of Albumin Concentration on Adsorption 


‘The adsorption data of Fig. 2 were obtained by diluting a 40% decane 
emulsion, stabilized by albumin (0.5 g./100 ml. aqueous phase), with equal 
volumes of albumin solutions of concentrations ranging from zero to 1.38 % 
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Fig. 2. Effect of serum albumin concentration on adsorption at the emulsion 
interface n-decane/0.1 M acetate buffer, pH 5.6 (n-decane content of emulsion = 
20% by volume). 


w/v. All aqueous solutions, including that used in the preparation of the 
original emulsion, were at pH 5.6 (0.1 M acetate buffer). Although the 
concentration of protein remaining in the aqueous phase varies by a 
factor of more than ten (Fig. 2), the amount adsorbed is essentially con- 
stant. It is also interesting to note that when the concentration of albumin 
in the diluting solution was less than in the aqueous phase of the original 
emulsion, no desorption of protein occurred from the interface of the 
emulsion particles. 


8. Effect of pH and Ionic Strength on Adsorption 


The results shown in full line in Fig. 3 were obtained by emulsifying 
n-decane in a 0.5% w/v solution of serum albumin in distilled water, and 
diluting portions of the emulsions with acetate or borax buffer solutions. 
The pH values of the diluted emulsions were 4.8, 5.6 (acetate buffers), and 
9.2 (borax), and the ionic strengths of their aqueous phases 0.01, 0.10, and 
0.30 at each pH. The diluted emulsion at pH 4.8 and ionic strength 0.01 
did not cream sufficiently well for analysis of the serum to be carried out. 
In the other emulsions, the amount of protein adsorbed was approximately 
constant—a result which could conceivably be due to adsorption of pro- 
tein being a maximum under the conditions of preparation of the original 
emulsion, subsequent desorption of protein on dilution being negligibly 
small, as indicated in the previous section. 

This possibility was ruled out by preparing an emulsion of decane in 
0.5% albumin solution adjusted to pH 10.0 with sodium hydroxide. Portions 
of the emulsion were diluted with equal volumes of acetate, borate, and 
phosphate buffers to give final pH values of 4.8, 5.6 (acetate), 7.2 (phos- 
phate), and 9.2 (borate), each at ionic strengths of 0.01, 0.05, and 0.2. The 
adsorption results are shown in broken line, in Fig. 3, for those emulsions 
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Albumin adsorbed, mg./cc. decane 


Fia. 3. Effect of ionic strength and pH on the adsorption of serum albumin at the 
n-decane emulsion interface (n-decane content of emulsion = 20% by volume; total 
albumin content = 0.15 g./100 ml. emulsion). O ionic strength 0.01; O- ionic strength 
0.01; X ionic strength 0.05; 0 ionic strength 0.10; V ionic strength 0.20; A ionic 
strength 0.30. 


which creamed sufficiently for analysis. In every case, the amount of protein 
adsorbed per cubic centimeter of decane was much less than in the previous 
series, since the initial emulsion was of larger particle size, as indicated by 
microscopic examination. This was probably due to the rate of adsorption 
of the albumin, at pH 10 and very low ionic strength, being relatively slow 
during preparation of the emulsion. However, the results in Fig. 3 confirm 
the negligible effect of both pH and ionic strength on the final adsorption, 
over the ranges covered. 
Discussion 


Putnam and Neurath (16) showed by electrophoresis measurements that 
NaDS and serum albumin formed two well-defined soluble complexes at 
pH 6.8, of composition AD, and AD», where A and D represent albumin 
and dodecyl] sulfate, respectively. Assuming a molecular weight of 70,000 
for the albumin, ” was found to be 55. The number of dodecy] sulfate mole- 
cules bound in the complex AD», thus corresponds closely to the total 
number of cationic groups (100 to 107) in the serum albumin molecule 
(12, 17). From interfacial tension measurements on mixed solutions of 
NaDS and serum albumin, it was shown by the author (15) that a similar 
well-defined complex was formed at the benzene-water interface in the 
presence of 0.1 M acetate buffer a’ pH 5.6. The interfacial complex was 
assumed to be ADe,, in which the ratio by weight of dodecyl sulfate to 
albumin (D/A) equals 0.44. Evidence was also obtained for the presence in 
solution of a higher complex of composition corresponding to ADy4,. 
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From the results of Fig. 1, the ratios D/A at the interface and in the 
aqueous phase of the emulsions can be calculated. At the concentration 
[NaDS]aq. at which displacement of albumin by NaDS commenced (ca. 
0.05%), D/A was 0.44 at the interface and 0.42 in solution. Adsorption of 
NaDS without displacement of albumin can therefore be attributed to 
formation of the AD2, complex. Complex formation appears to proceed 
preferentially at the interface, as indicated by the fact that D/A is greater 
at the interface than in solution, when [NaDS]aq. is less than 0.05 %. This 
is understandable in view of the high surface activity of NaDS. 

The presence of dodecyl sulfate in amounts larger than that required to 
form AD», results in the progressive displacement of complex from the 
interface by NaDS. This process is complete at approximately the same 
concentration of NaDS (0.34%) as that at which micelles of the latter are 
formed in the aqueous sera, as judged by interfacial tension measurements. 
Since the cme of the dodecyl] sulfate in absence of albumin was 0.04%, the 
difference should represent the amount of NaDS bound to the dissolved 
albumin (0.225%), the ratio D/A being 1.3. It is unlikely that this ratio 
has any special stoichiometric significance, the main point of interest being 
that serum albumin is able to bind such a large proportion of NaDS8. 


Thickness of Adsorbed Albumin Films 


The interfacial area of the decane particles in the emulsions referred to in 
Fig. 1 has been calculated from the maximum amount of dodecyl sulfate 
adsorbed (2.74 mg./c.c. decane), after displacement of all the albumin 
from the interface, using a value of 41.5 A.*?/molecule for the molecular 
area of the adsorbed NaDS. This is the limiting molecular area recently 
determined by the author (10) for sodium dodecyl sulfate adsorbed at the 
decane-water interface from solutions of ionic strength 0.1. The area S = 
2.4 X 10* cm.?/c.c. decane, so derived, applies to all the emulsions of Fig. 
1, which were obtained from the same concentrated emulsion. Thus, in the 
absence of NaDS§, the adsorption of 4.2 mg. albumin/c.c. decane is equiva- 
lent to a specific adsorption area for the albumin of 0.57 X 104 cm.?/mg., 
corresponding to an average film thickness of 13.5 A. (assuming the density 
of the protein at the interface to be 1.30). These values, which are in very 
good agreement with those found (18, 19) for a highly compresed spread 
monolayer of serum albumin at the air-water or benzene-water interface, 
where the film area is approximately 0.5 X 10! cm.?/mg. at a surface 
pressure of 20 dynes/cm., demonstrate the monomolecular character of the 
adsorbed albumin films. 

Taking the average amino acid residue weight of serum albumin as 134 
(20), the area/residue in the adsorbed film is 12.6 A.2. If all the polypeptide 
chains were situated in the plane of the interface, the minimum area/residue 


ADSORPTION AT EMULSION INTERFACES 583 


as calculated from X-ray data and molecular models (6) would be 15.3 A.?, 
corresponding to close-packed polypeptide chains in the B-keratin con- 
figuration, with the side chains oriented approximately perpendicularly 
to the interface. The smaller area of 12.6 A.? found for adsorbed serum al- 
bumin is best explained by assuming that some of the polypeptide chains 
are in the aqueous phase. As the amount of adsorbed protein increases, a 
stage will be reached at which an unfolding molecule cannot be entirely 
accommodated in the interface for steric reasons. The average thickness of 
the film indicates, however, that at least a part of the molecule must unfold 
at the interface, i.e., adsorption of native albumin is negligible. The irre- 
versibility of the adsorption process and the independence of adsorption on 
protein concentration point to the same conclusion. 

The negligible effect of pH and ionic strength on the amount of albumin 
ultimately adsorbed, as distinct from the rate of adsorption (15), also sup- 
ports the view that the area of interface available for close packing of the 
polypeptide chains determines the amount of albumin adsorbed. However, 
for constancy of adsorption it is necessary that the adsorbed film should be 
able to withstand increases in surface pressure caused, for example, by 
changes in pH or ionic strength. Albumin films at the decane-water inter- 
face can apparently do so, but there is evidence that other proteins at 
different interfaces are less stable. Thus, Cumper and Alexander (9) con- 
cluded from interfacial viscosity measurements that adsorbed pepsin films 
slowly collapsed with the formation of non-surface-active coagulated pro- 
tein, permitting the occurrence of further adsorption from solution. 

Figure 1 shows that the weight of albumin plus NaDS adsorbed at the 
emulsion interface, when [NaDS§]aq. = 0.05%, is 6.15 mg./c.c. decane, the 
ratio of albumin to dodecyl sulfate corresponding to the complex AD»n. 
Assuming a density of 1.25 for the complex at the interface, the average 
film thickness is 20.5 A., as compared with 13.5 A. for the albumin film 
alone. Since the polypeptide chains in the albumin film are already close- 
packed, and I.T. measurements indicate that NaDS molecules actually 
penetrate the film, the dodecyl! sulfate must force some of the polypeptide 
chains above or, more probably, below, the plane of the interface. The large 
pressure exerted by the complex film (ca. 40 dynes/cm.) is evidence of its 
high stability. At concentrations of [NaDS].,. greater than 0.05%, dis- 
placement of the ADe, complex from the interface by dodecyl sulfate 
is accompanied by a gradual decrease in the total weight of albumin plus 


NaDS adsorbed. 


This work forms part of the program of research undertaken by the 
Board of the British Rubber Producers’ Research Association. Thanks are 
due to Mr. K. Day for assistance in the experimental work. 


584 E. G. COCKBAIN 


REFERENCES 


. Avam, N. K. ‘Physics and Chemistry of Surfaces,” p. 91. Oxford University Press, 


1938. 


. Hugues, A. H., anp Ripwat, E. K., Proc. Roy. Soc. (London) 187, 62 (1932). 
. Hugues, A. H., Scuutman, J. H. oe Riwgat, E. K., Nature 129, 21 (1932). 
. Neuratn, H. ean Buu, H. B., ON & Revs. 23, 391 (1938). 


[Bei lal, 18}, MGHeE m Pict Chem. 3, 95 (1947). 


. CHEESMAN, D. F., anp Davigs, J. T., Advances in Protein Chem. 9, 439 (1954). 
. pu Nowy, P. L., ‘Surface Bayonet of Biological and Organic Colloids.” 


Chemical Citaloe Co., New York, 1926. 


. LanemurR, I., Seam as V. J., anp Wrincu, D. M., Science 85, 76 (1937). 

. CumpEr, C. W. N., anp ALEXANDER, A. E., Trans. Faraday Soc. 46, 235 (1950). 

. Cocxsarn, E. G., Trans Faraday Soc. 50, 874 (1954). 

. Bangs, F. W., AND Esy, L. T., Ind. Eng. Chem., Anal. Ed. 18, 535 (1946). 

. Brann, E., Ann. N. Y. Acad. Sci. 47, 187 (1946). 

. Barr, T., OLIvER, J., AnD Srussines, W. V., J. Soc. Chem. Ind. (London) 67, 45 


(1948). 


. Cocxsarn, E. G., anp McMutusn, A. I., Trans. Faraday Soc. 47, 322 (1951). 
. CockBain, E. G., Trans. Faraday Soc. 49, 104 (1953). 

. Putnam, F. W., anp Neuratn, H., J: Biol. Chem. 159, 195 (1945). 

. TANFoRD, C., J. Am. Chem. Soc. 72, 441 (1950). 

. DervicutaNn, D. G., Kollotd-Z. 126, 15 (1952). 

. ALEXANDER, A. E., aND TEORELL, T., Trans. Faraday Soc. 35, 734 (1939). 

. Nsevrata, H., J. Phys. Chem. 44, 300 (1940). 


JOURNAL OF COLLOID SCIENCE 11, 585-592 (1956) 


SOLUBILITY IN SOAP SOLUTIONS. VI. 
THE EFFECT OF SOAP UPON UPPER AND LOWER CONSOLUTE 
TEMPERATURES IN THE NICOTINE-WATER AND 
TRIETHYLAMINE-WATER SYSTEMS 


D. Langbridge, A. S. C. Lawrence, and R. Stenson 


Sheffield University, Sheffield, England 
Received April &, 1956 


INTRODUCTION 


In previous parts of this work upon the solubility of organic substances 
in soap solutions (1-5), it was pointed out that, where the water and third 
component have limited mutual solubility, the addition of soap may be re- 
garded as lowering the consolute temperature (C.T.) progressively. The 
whole solubility curve being lowered, the two-phase area becomes smaller 
corresponding with the increase of mutual solubility of the two liquids. 
One of us (3) has examined the effect of sodium stearate upon the upper 
and lower consolute temperatures of the well-known closed-ring phase dia- 
gram of the nicotine-water system and found that the soap lowered the 
upper value and raised the lower; observations were limited to 50:50 
nicotine-water composition, and it was found that the upper and lower C.T. 
met at ca. 8% of sodium stearate so that only a homogeneous one-phase 
system exists when this or a greater amount of soap is present. We have 
now examined the whole system and the progressive closure of the ring 
with increasing amounts of both anionic and kationic soap. The effect. of 
sodium dodecyl] sulfate upon lower consolute temperatures in the triethyl- 
amine-water system has also been investigated. 


EXPERIMENTAL 


The critical solution temperatures were observed by heating the speci- 
men in a sealed tube following Alexeev (6) and Hudson (7), who observed 
the nicotine-water closed ring. We, however, used larger tubes—4 mm. in 
internal diameter and about 10 cm. long—in order to accommodate a 
stirrer consisting of a small soft iron rod sealed into a Pyrex tube. The tube 
was heated in a suitable bath and the stirrer actuated by an external 
magnet. The triethylamine-water system was also observed in sealed tubes 
except for the points lying below 40°C. The thermometer used was cali- 
brated in 4th of a degree and no difficulty was normally found in ob- 
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taining results accurately to 4th by taking the temperature up and down 
across the transition point. As the soap concentration was increased, the 
well-known opalescence appeared more noticeably just above the upper 
consolute temperature (U.C.T.). It was found that decomposition of the 
kationic soap set in above 200°C. and that the U.C.T. of specimens held 
above this temperature for more than a very short time rose steadily. For 
these higher values, therefore, heating and observation of the U.C.T. was 
carried out rapidly and repeats were not attempted. 


MATERIALS 


Commercial 95 % nicotine was distilled twice under reduced pressure, and 
the fraction boiling between 141 and 143°C. at 29-30 mm. Hg pressure used. 
Its refractive index was 1.5243 at 24°C. Triethylamine was distilled from 
good quality commercial material with the addition of a small quantity of 
quicklime. The fraction boiling at 89-91°C. was used. The palmitic acid 
had molecular weight (by saponification value) of 255.7 (theory 256.3) and 
melting pt. 62.6 (lit. value 62.4°C.). The solutions of sodium palmitate 
were prepared by mixing calculated amounts of acid and sodium hydroxide 
solution made up in CO»-free water in an atmosphere of nitrogen. The cetyl 
trimethylammonium bromide was recrystallized from a very pure sample 
kindly prepared for us by Imperial Chemical Industries, Blackley, from a 
sample of cetyl alcohol specially freed from homologous impurities. 

The nicotine-water ring and triethylamine-water curve were determined 
without addition of soap as a further check on purity. Our results were 
identical with those of Hudson and Rothmund (9), respectively. The graph 
for the triethylamine-water system in Findlay’s Physical Chemistry (p. 517 
and p. 434 in the revised edition) shows a curious error; the flat lower 
consolute temperature (L.C.T.) minimum is drawn at 22°C., whereas it 
should be at 18.3°C. 


RESULTS 
Nicotine-Water System 


Figure 1 shows the progressive reduction of the “ring” with increasing 
amounts of cetyl trimethylammonium bromide. The outermost curve (a) 
and the corresponding one in Fig. 2 are for nicotine and water without soap; 
the agreement with Hudson’s results, confirmed by Tsakalotos (8), is 
satisfactory proof of the purity of the nicotine. The nicotine concentration 
is given in mole fractions because better separation of the curves results. 
With 20% of this soap, the nicotine and water are completely miscible over 
all concentrations and at temperatures from 15° to 250°C. 

Figure 2 shows the results for sodium palmitate. It will be seen that the 
curve for 5 % soap crosses the nicotine-water curve and that, at the nicotine- 
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Fia. 1. Cetyltrimethyl ammonium bromide in nicotine-water system. (a) No soap; 
(6) 5%; (c) 10%; (d) 15%; (e) 18% soap. 


rich side of the diagram, nicotine is less soluble in the presence of 5% soap 
than without any. With 10% of soap, the normal reduction of the “ring” 
proceeds. It was thought that fatty acid produced by hydrolysis might be 
responsible and the curve for 5% soap + 5% palmitic acid was then deter- 
mined; this shows little difference from that of the soap alone, and 5% of 
palmitic acid was tried without any soap. The outer broken curve resulted; 
this suggests that the relatively greater hydrolysis in the 5% soap is in fact 
responsible for the effect. 


Triethylamine-W ater System 


The occurrence of an L.C.T. in this system was recorded by V. Roth- 
mund (9), who also examined a number of other cases including that of 
isobutyric acid. The U.C.T. has not been observed for triethylamine and 
water but would be expected to be very high. 

Figure 3 shows the system over the whole range of triethylamine-water 
composition; we see, as before, the marked raising of the L.C.T. with in- 


588 D. LANGBRIDGE, A. S. C. LAWRENCE AND R. STENSON 


No soap: 
‘\5% palmitic acid 


Temperature, °C. 


\ 5% palmitic 
acid 
=) 


No soap 


0 O03 Oo) O15 O70 O25 O80 Css One 
Mole fraction of nicotine 
Fig. 2. Nicotine-water-sodium palmitate system. 


crease of soap. Clearly even with 25 % of soap we are a long way below the 
U.C.T. The 25% solution was taken up to 200°C. but did not clear; it was 
not heated above this because decomposition of the soap would have made 
the experiment meaningless. 

Figure 4 shows the effects of sodium dodecyl sulfate upon the L.C.T.; 
the curve seems to consist of two straight lines with an abrupt change of 
slope at about 11% of soap. With the 20% and 25% soap systems a new 
and curious phenomenon was observed. The viscosity of these solutions, 
which was about that of water at room temperature, increased over 3° to 
4° by a factor of at least 10‘; closer inspection revealed the slight turbidity 
which is characteristic of smectic liquid crystalline ternary systems. The 
heating when repeated under low magnification in a polarizing microscope 
showed that the smectic phase appeared suddenly in the isotropic solution, 
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Fig. 3. Effect of soap upon lower consolute temperature of NEts-H2O mixtures. 


and in an interval of less than 2° the whole specimen had become a, liquid 
crystalline mass. The second curve in Fig. 4 shows, as lower point, the 
temperature of appearance of the smectic phase and its re-solution to iso- 
tropic fluid solution occurring equally sharply at a higher temperature. 
The curve shows that a minimum of at least 19% of this soap is required 
for the liquid crystalline phase to separate; with 17.5% of soap in the 50:50 
NEt;-H.O solvent mixture, no liquid crystalline phase appeared between 
room temperature and the L.C.T., which was 98°C. In view of the insolu- 
bility of the soap in anhydrous NEts, further experiments were carried out 
upon solutions in mixtures containing more than 50 % NEt;. Figure 5 shows 
the results as the temperatures at which the smectic phase appeared, that 
at which it disappeared, and, in the soap-NEt;-rich solutions, the freezing 
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Fic. 4, Sodium dodecyl sulfate in 50:50 triethylamine-water mixture. 


point at which the pure crystalline soap starts to separate (Krafft 
point). 

The sudden appearance of the smectic phase on heating is shown by 
development of high birefringence and, in the medium concentrations of 
NEts, by a very large increase of viscosity. As the amount of water is re- 
duced, this viscosity also falls and at the 90% NEt; level, the smectic 
phase is highly birefringent but quite fluid. This extreme fluidity of the 
smectic phase at the low-water, high-organic third component part of the 
phase diagram is general, although this viscosity increases moderately with 
increase of molecular weight of the third component. 

In the 25 % soap in 90% NEts and in the 20 in 95, the mixture of solid 
soap and solution passes on heating directly to liquid crystal, the inter- 
mediate isotropic solution phase having been pinched out as shown in Fig. 
5. For lower NEts concentrations, some freezing points have been deter- 
mined; they are not such sharp transitions as normal Krafft points in 
aqueous soap solutions and this fact, together with the quite remarkable 
fluidity of the isotropic solutions, suggests that the extent of colloidal ag- 
gregation is not nearly so great in these binary solvent mixtures as it is in 
water alone. It will be recalled that Ward considered that there is no colloid 
in solutions of soap in 40 % ethyl alcohol in water (11). A single solution of a 
kationic soap, cetyl trimethylammonium bromide at 25 % concentration in 
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70% aqueous triethylamine was isotropic solution at room temperature 
and became liquid crystalline on warming. 


Discussion 


The results for the nicotine-water system show again the lack of any 
effects due to the charge on the soap (4). The CTAB curves are straight- 
forward and show the progressive lowering of the U.C.T. and raising of the 
L.C.T. with increase of soap concentration. Ordinary electrolytes produce 
the opposite effect and the following figures illustrate the two contrary 
effects. 


Solution LC. AT U:Coa: (N4fp 
25% nicotine in water 62 — 207.5 _ 
25% nicotine + 1% KCl 57 —5 238 +30.5 
50% nicotine in water 65 — 204 — 
50% nicotine + 5% CTAB 71 +6 200 —4 


50% nicotine + 5% CTAB + 0.5% KNOs 62.5 —8.5 235 +35 


If the mole fraction of nicotine is plotted against the concentration of soap 
for the intercepts on the rings at a chosen temperature, e.g., 140°, 150°, and 
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160°C., triangular graphs result with the apex in the neighborhood of 66 % 
nicotine and 19%-20% of soap. The disappearance of the two-phase sys- 
tem will therefore require a minimum of soap of this order; 20% solutions 
of CTAB in 61%, 63%, and 66% nicotine were all single-phase systems 
from 15° to 250°C. For sodium palmitate the minimum concentration for 
complete miscibility is 13%. 

Lower Consolute Temperatures have been discussed by a number of 
workers, especially in terms of hydrogen bonding and entropy considera- 
tions (10). However we find that triethylamine in water below the L.C.T. 
has an ionic conductivity falling with increase of concentration of amine and 
becoming very small above 40 %. Nicotine-water mixtures also show small 
but peculiar conductivity effects. We feel that speculation about these 
solutions is unprofitable until more is known of their physical properties. 


One of us (R.S.) is indebted to the University of Sheffield for the award 
of a Robert Styring Scholarship during the tenure of which this work was 
carried out. 
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ABSTRACT 


The orientational polarization of a polarizable dipolar molecule adsorbed above 
the {100} plane of a sodium chloride lattice has been evaluated. It has been shown 
that such polarization is small in spite of the large induced moment created by the 
electric field from the solid surface. It is also demonstrated that orientational effects 
of dipoles induced by surface fields are insignificant for nonpolar adsorbates. It 
therefore follows that apparent polarizabilities in excess of the polarizability of the 
molecule in the gaseous state, which are frequently reported for adsorbed molecules, 
are to be attributed to inexact formulas, in the estimation of the polarization of the 
adsorbate from the experimental data. 


INTRODUCTION 


In attempting to examine the state of physically adsorbed gas molecules 
on both porous and nonporous adsorbents, investigators have to contend 
with the problem of assigning a value of the internal field acting upon the 
adsorbate molecules, if the real part of the dielectric constant is to be 
interpreted in terms of molecular properties. Various authors (1-6) have 
employed different procedures for evaluating the internal field, and widely 
different results are obtained by the several methods. This aspect of the 
overall problem has been emphasized by Channen and McIntosh (1), who 
have themselves presented several procedures, none of which seemed gen- 
erally satisfactory. In discussing the various procedures, Channen and 
McIntosh took as a useful criterion the comparison between the deduced 
polarizability of adsorbed nonpolar gases and the known value for the bulk 
material from refractive index data (or more correctly, dielectric data ob- 
tained at low frequencies). This criterion is useful only if the assumption 
is valid that induced dipoles, arising from the field of the solid, do not 
affect the observations. Thus if the polarizability of an adsorbate molecule 
is considered to be isotropic, the induced dipoles cancel out, since the di- 
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rection of the induced dipole from the field of the surface may be considered 
as fixed on application of the field. The applied field merely polarizes the 
molecule in its direction to an extent dependent upon the polarizability. 
On the other hand, if the polarizability of the molecule is not isotropic, a 
preferred orientation for the adsorbed molecule will be established. On 
application of the field, the direction of the molecule may be changed in 
order to maintain the energy in its lowest state, so that the induced dipole 
may follow the field and thus contribute to the orientational polarization. 

This latter conception has apparently led Kamiyoshi (3) to conclude 
that large apparent moments for adsorbed molecules of benzene and carbon 
tetrachloride exist owing to the influence of the field from the adsorbing 
solid. A similar view has been expressed by Miss Shimizu (6). Dipolar mole- 
cules would, on the same assumptions, reveal an enhanced value of the 
dipole moment, perhaps appreciably greater than that found for the sub- 
stance in the gaseous state. 

On the other hand, we consider that the deduction of large dipole mo- 
ments for adsorbed molecules from experimental observations, arises 
from the use of incorrect formulas to separate the contribution of adsorbate 
from that of the rest of the experimental system. It seemed worth while, 
therefore, to try to establish the order of magnitude of the induced dipole 
and the contribution it would make to the orientational polarization. To 
do so a simplified model has been chosen to permit the solution of the 
problem. The solid adsorbent has been taken as an ideal crystal of sodium 
chloride. The adsorbate molecule has properties corresponding roughly to 
those of hydrogen chloride. 


DETAILS OF THE MopEL AND SOLUTION OF THE PROBLEM 


We consider the molecule of HCl to be represented by a model similar 
to that described by Debye (7). The distance between the two ions is i 
and each ion has unit charge +e, which equals 4.8024 X 10° e.s.u. The 
positive ion is treated as a point charge, while the negative ion is assigned 
an effective polarizability, taken as 1.70 X 10°“ cm.*, the value required 
to procure agreement with the known dipole moment of 1.05 X 107% 
e.8.U. For any separation r the potential energy of the molecule is OS (r= 


=- + R(r) — Wa(E_*)’, where E_* is the electrostatic field at the nega- 


tive ion due to the positive charge, and R(r) represents the repulsive inter- 
action between the ions. It is assumed that R(r) depends only upon the two 
types of ion and their separation, and is not changed when other ions ap- 
proach or when external fields are applied. 

To a fair approximation U"(r) = Up + VWkm(r — ro)’, for values of r 
near ro, which is the equilibrium spacing of the gaseous molecule and is 
taken as 1.27 X 10° em. Up is a constant, and k, = 5.0 X 10° dynes 
cm.” is the vibrational force constant (8) from spectroscopic data. 
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The potential energy is next considered when the molecule is placed in 
the electrostatic field near the surface of the {100} face of a sodium chlo- 
ride crystal in which the nearest neighbor distance is 2.81 X 10° cm. To 
make the calculation feasible the possible orientations of the molecule 
relative to the surface are restricted. If the molecule consisted of two point 
charges, and if the repulsive forces between the ions of the molecule and 
those of the crystal were nonspecific, the molecule would lie in a plane paral- 
lel to the surface and with its axis along the line joining two neighboring 
ions in the surface. The mid-point of the axis of the molecule would be ver- 
tically above the mid-point between the two surface ions, while the dis- 
tance above the surface would depend upon the repulsive forces between 
the molecule and the surface. When the negative ion is polarizable as as- 
sumed, and the repulsive forces vary with the types of ion, the molecule 
will still tend to lie along the line between two surface neighbors, but the 
center of its axis will be displaced from the mid-point position and the axis 
will be tilted out of the plane parallel to the surface. In the present cal- 
culation details of the repulsive interaction with the surface are not con- 
sidered and the above effects are not treated. The adsorbed molecule is 
assumed to have its mid-point fixed at a point a distance Z vertically above 
the mid-point between surface ions. Owing to its thermal energy the 
molecule may rotate and vibrate symmetrically about this point, but 
these motions are restricted to a plane parallel to the surface. Estimates of 
- the orientational polarization of this model will be made for several values 
of Z. The model is considered sufficient to provide an estimate of this polar- 
ization term. 

The energy of the molecule in the field of the crystal in configuration r, 
y (see Figs. 1 and 2) is 


2 
U(r, 7) = = + R(r) —Ya(E* + E_)’ + ed.’ — ¢), 


where E_’ is the electric field at the negative ion of the molecule due to the 
crystal and ¢,° and ¢_’ are the electrostatic potentials at the positive and 
negative ions of the molecule, respectively. 


U(r, y) = Uo + km (r — 10)” — Ya (2E_*-E_* + (E_*)’) + ey" — ¢-). 


If a uniform external electric field E is applied, the energy of the molecule 
may be written as 


U(r, Y> E) =: U(r, 7) =P: (ea ate a(E_* + 13) = 5s 


where r is directed from the negative to the positive ion along the axis 
of the molecule. The total dipole moment of the molecule is 


ue = t+a(E* +E’+ €E), 
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and it is convenient to write this as 
wu. = uct ak. 
Thus 


U(r, Of E) = U(r, 7) ao E-u ra. oe 


The location and permitted movements of the adsorbed molecule are 
described by means of the coordinate systems depicted in Figs. 1 and 2. 
The ox and oy axes fixed in the crystal coincide with two principal axes in 
the {100} surface of the crystal. A positive ion is at the origin O. The out- 
ward drawn normal is oz. The constant electric field E defines the 0X 
direction for a second right-handed coordinate system 0X YZ fixed in space. 
The polar angles of oz relative to this new set of axes are 0 and ¢. The pro- 


Z 


x 


Fig. 1. Representation of crystal axes, space axes, and relative position of adsorbed 
molecule and applied field. 


Fic. 2. Representation of molecule relative to surface ions. 
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jection of E on the oxy plane is Ep and makes an angle x with the direc- 
tion ox; i, j, k are unit vectors along oz, OY, 02. 
The expressions for the potential and electric fields are: 


¢- = 


c +00 -00 E(t Za) ky 2+ ho? 
$ (2, Y, z) =— =~ > a, CER es ee 
ea eecda Vike + kel + e— V2 +h?) 


cos (wis 2) cos (wis Ny 
a a 


The latter assumes a regular crystal lattice of point charges which is un- 
distorted by the adsorbed molecule. For the purposes of this calculation ¢° 
is approximated by 


8 = 
¢ (x, y, 2) = 5 e-72V2'* gos ta cos i) = A cos ) cos ie 


The expression for ¢° was obtained by using the methods of van der Hoff 
and Benson (9), and the approximation is similar to that employed by 
Verwey (10) for the electrical field at the surface of a crystal. 


Be ee) (2 
sin (7 ay a V2 00s (% ) cos (#4) x). 


The coordinates of the positive and negative ions of the molecule are 


+ € Lee 
Oe yl Daa — = (cos vi + sin yj); 


eo” = o—) = =2Ael, 
Lain (z cos v) cos (z sin 7) : 
: . : r 
Ea = = | cos (z cos 7) cos (z sin v) i — sin (ze cos 7) 


: pee 
x sin (=z sin v) j+ v2 sin (z cos 7) cos (= sin v) «| : 
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where 


; : : IP on 
J = sin y sin ule cos y } sin 7’ sin y) 
2a 2a 
8S y COS = cos cos ul, sin 
—_— (G a ge ° 


cy\2 nw A” 
my = "4 


pees (elle nt (7% 
K =.cos (F sin y) + sin (= cos r). 


2 
U(r, y) = Us + Yiin(r — 10)? — oat wee (z) AK aden 


ar? 


where 


Hence 


Next E-y is evaluated. Since E = E, + E,,, where E, has already been 
defined as the projection of E on the ory plane and E, is in the oz direction, 


E, = E sin 6 cos 4, 
and 
E, = E(1 — sin’ 6 cos’ $)"”, 
so that 
E = E{(1 — sin’ 6 cos’ ¢)"” (cos xi + sin xj) + sin @ cos ok]. 


The moment y can also be expressed in terms of its components in the 
i, j, and k directions. Thus 


u= a+ a(E 4 E’) = wit wj + uk 


a amtA ur nee 
Ma c(* 2 4) cos y + = cos (= cos 7) cos (= sin 7) 
) sin (7 sin ) 
2a u 


ot 
be = pe sin (z cos 7) cos (z sin 7) 


2a 


where 


= 
| 
PS 
ter 
| 
rey 
See 
ey 
=) 
— 
| 
a 
2 
5 
Las 
S| 
re) 
S) 
n 
=) 


and ps, My , Mz are functions of r, y. We define m as the component of u 
in the direction E. 


E-u 


m= =a (1 — sin’ 6 cos’ ¢)" "(uz COS x + My Sin x) + py, sin 0 cos ¢. 
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The energy U(r, y, E) can then be written 


U(r, y, E) = AU +U)— Em =; E’, 


where 


2 2 
aA” 


ip K = 2A. 


AU =\Ykalr — 1)? — mee eo] 
ar 2 


Now the total energy of the molecule in the field of the crystal plus the 
external field E is H, the sum of the kinetic and potential energies. 


H=7+U(,y7,E) where 1 = KM (+79), 


Here M is the mass of the molecule and the dot denotes differentiation 
with respect to time; 7 is next written in terms of the conjugate momenta 


so that 
Z 2 ae 
T -77(» ok 


Let m; be the value of the component of the total moment in the direc- 
tion of E. Then 


-E 
m = 2 = m+ ob. 


The mean value of m; for a molecule adsorbed on a surface with specified 
values of 6, ¢, x, is given by averaging over all permitted values of 7, y, 
pr, Py after weighting with the Boltzmann factor ¢ “"”. Thus 


ahh i [Ga + abe"? ay dr dp, dp, 


(m1)0,6.x <= Tob 79.09 OOS 9/1 
i if | / eHIk? dy dr dp, apy 
Ico J—0o JQ _— or 


Ho Up = Bohr AU ame 


where 


Since Uo and (a@/2)E” are independent of the variables of integration, the 
terms in these factors cancel in the numerator and denominator. Since m 
is not a function of the momenta, the integrations over these variables can 
be performed directly leading to the expression 


© at 
i if mre SEED) dy ep 
0 —ae 


Mite 0.69 =) OE 4 ae 7 g 
i if pe7 (A u—Em|kT) dy dr 
0 vr 
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As E/kT is a small quantity, the ratio of the two integrals is expanded as a 
power series in #/k7', and only the first term in B/kT is retained. On this 
basis 


~ ab Bh) 
(meg. = of + io @ ih 


where Jo , J; , and Jy are defined by the integrals 


te= i if re °“/*? dy dr. 
0 i 


= [ / mre > *!*? dy dr. 
+0 ty 


= i mre *“!*? dy dr. 
0 9 
To get the average value of m, for all possible orientations of the crystal 


surface, the assumption is made that all orientations are equally probable. 
Then 


i! Qa 27 pt 
(m) = x | JL ermedeane sin 0 do dg dy, 


Since Jo is independent of 6, ¢, x 


Heo ds da 
(im) = aH + — 2+(aF ) 
where 
1 
ale ie [ risin a ao do ay. 
1 
jell Ik [resin a do ds dy. 
i 
Roo it [12 sin 0 do a6 ay. 


On integration with respect to 0, ¢, x it is found that 
I i 0, 


=75 i De (uz + py + we )re o!"? dy dr = 34 | [ pre APE civ ep 


O at 2 © pt 2 
I, = ¥4{| | i were *P dey ar| i i were /*P dy ar] \ 
aah + 0) —«. 
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In obtaining the expression for J; the fact has been used that 


tf i; nye? dvdr = 0 
0 — 7 


because Aw is an even function of y and My is an odd function of y. 


hed wv Xo} T 2 
5 i / pre Auer dy dr | it pare Avler dy dr 
ty cal 5 
Shr) fp? yt ~ | pers 
| [ re “lk? dy dr | i re-Aulk? dy dr 
0 5 0 — 7. 


[ if ferent dy dr | 
0 Roe 
‘ / re-AulkT dy dy | 
0 — 7 


To evaluate these integrals Au, u’, uz, and p, are expanded in Taylor’s 
series in r and y about the equilibrium position with no external field ap- 
plied. To obtain this equilibrium position the equilibrium values of 
and y are obtained from the simultaneous conditions that dAu/dr = 
0 and dAu/dy = 0. It should be noted that dAu/dy = 0 for vy = 0, which 
agrees with the original statement of the molecule lying parallel with the 
line between the ions of the crystal. Thus the equilibrium value of y, = 0, 
and r, is obtained from the condition dAu/dr = 0 at y = 0. Recalling that 


2A 
ary + A* x) 
a 207 


ae) 
or oe Or J y=0” Or J <0 


results in the equation 


Aer Te 2Aer & 
0 =k,(r. — ro) — 7 cos = «| re cos 55 


Aer . (xr "a 7 =) 
+ Faire sin (=) + Bah sin 5a cos Da 


which can be solved numerically for r,. Evaluation of higher derivatives 
of the energy indicates that this equilibrium is a stable one at distances 
z = 2.0 and 2.5 X 10 ° em. but that it becomes unstable before 


z= 3.0 X 10 * em. 


(mt) = aH + 


AD 2G = ry a «( 


and evaluating 


If we define (mr,/2a) = w. st ; 
The values of J, J, K and their first and second derivatives with respect 
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to r and y are worked out for the equilibrium position r = r, and y = 0. 
The relations obtained are 


L=snw, Je=—cow, K,=1+sinw 
ol oJ at, OK Ue ac 
og oe a) aS Fer Big teres oo 
ar = my oe od © OK a 2 e 
eee 7 sin, (55 : = 777008 & ex = 573 (cos w— sin’ w), 
a i 5 
(2) = —w(cos w + w sin w), Gs = cosw + w(sinw + wcosw), 
2 
K ; 
&) = —2w(w + sin w cos w) 
‘and 
(AU). = Yom(re — 10)” — 2Ae Si tied Alr’ in? 
e = Mlim(re — 70) — 2Ae sinw — a| — cos w + 5a? (1+ sin’ w) 


which is independent of r and y. The series for AU is 


AU = (AU). + Wk; (r — re)” + Why’ + ete., 


where 
Ae (3): : | sae 2A = 
i ke (ea sal oho (cial j 
-b ae sinw+a or cos w + a () sin w 
Ae 3) pen aes A? (a\' 9 
Ar? 4 \a ie bi 3h 
and 


3 ; 
ky = 2Aew(cos w + w sin w) — a| () (= +. —* + cos w) 


4 \a w? 


2 
=o," . w(w + sin w cos u) |. 
Put r — r. = ¢ and thus 
AU = (AU). + Wkw + Wk’ + ete. 


. é . 2 
In a similar fashion wz, uz, and w are developed as power series in r and 
vy, that is, 


be = fo + flr — re) + BE(r — re)? + Bey’; 
Me = no + mr — re) + 4m(r — re)” + Enz’; 
w= So + Slr — re) + Bha(r — r.)? + Bay’. 
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Since (du;/dy),-0 and (0°u2/dYAr) y~0 , etc., are zero, 


fo = (us), =e (- — 5) + a At COS Ww; 
— (Ie 3 aA [r\’ . : 
fi = (% i e (1 + 2e/r,’) or (es Sin w; 
ny Cones _ —6ea aA (r\? ; 
a (3) ire (2) arth 


2 
i = =) = ~e(r, 4) + ad ¥ (win w — w* cos w); 


Ar . 
or == (uede == a8 SIn Ww; 


Pie N=! oA a ; 
n= (2) =e ( 4/2 cos w; 
2 3 
m= (2 - ee (Z) v/2 sin w; 


4 


= _ Ete tOee ‘2w(cos w + w sin w); 
Hk oy? e a ’ 


2 2 
2 2 a 2aATe ee 242(7 
y = We = 2(r,- 5) + rs @ S) cos w + aA (z) 


@ 


xX (1 + sin’ w); 


3 
Ie + =) cos w — @ _ 2) = sin w| + aA’ () SIN W COS W; 
Ou 2a\? ba a 
f= (%4).- 2é[(1 +) Tr erate 


aA? Tv : 2 me 
apier a z (cos w — sin” w); 


22 
t= (4) _ _2aAre @ — 5) (cosw + w sin w + w’ cos w) 
P r 


é 


2 
anA () (w” + w sin w cos w). 
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Next the integrals given earlier in the expression for (m:) are evaluated. On 
substituting r — r. = ¢, the first integral 


oO Tv 
| | wre °"'*? dy dr becomes 
0 — 


iL / (@ + He + Boe’ + Wer) 


—(A kT —k,p2/2kT —kyy?/2kT 
(re + gle oe ee ye 


The limits of both integrals are changed to —% and +, which was 
shown to be justified by numerical evaluation. Furthermore, the integrals 
of odd functions betwen these limits are zero; hence we obtain the result 


eS ene - QekTem 0 te ee ise 1 )| 
[ [ere dy tr = | fo Ee 


The two other integrals in the numerators of the expression for (m;) are 
exactly the same form. There remains 


i / re AM elk? dy dr = Ip 
0 — a 


in the denominator. This is evaluated to be 


ed br se 
(ky, Key)? 


We thus obtain finally 


= E $2 3 61 
(mi) = aff + ale + kT iS sh ok, te ) 


£ £3 & )) ( No 13 m1 )) 
— k — _ — ‘ 
(« ech, (# WOES ine me Sate OK eae 
On using the explicit forms of fo, £, m0, it is then readily shown that 


fo — £ — no = Oand % — 2f& — 20m = 0. We thus obtain the approxi- 
mate answer 


(m,) = aff + uf jar (& = 2808 — 2nom 3 So = 2h08 = am 


3kT 2k, 2ky 
and this should be compared with the Debye term for orientational polar- 
ization 3hT ly, Where yy is the dipole moment of the gaseous molecule. 


Numerical results for the orientational part of (m:) at a temperature of 
200°K. and distances of 2.0 and 2.5 X 10 ° cm. from the surface are given 
in Table I. As noted earlier, the form employed for the energy of the mole- 
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cule above the crystal surface leads to the result that at a distance of about 
3.0 X 10 * em. from the surface the energy is not a minimum for the posi- 
tion y = 0, since the constant k, has become negative. In view of the simpli- 
fications made in the model of the adsorbed molecule and its restricted 
movements, this result has not been investigated farther. The numerical 
values obtained at the two closer distances seem sufficient to establish the 
low value of the orientational polarization. 

There is another point of interest arising from the numerical values of 
k, and k, also given in Table I. The frequency of vibration along r and of 
rotational oscillation about the equilibrium position with no external field 
can be obtained from the approximate expressions 


Mahe he. eae 
ayy ee Wes 


respectively. Values of these frequencies are also given in the table. It is 
clear from the variation of rotational frequency with distance from the 
surface that a method of obtaining the equilibrium distance from the sur- 
face might be developed through observation of the rotational frequency, 
although in this case the rotational frequency of gaseous hydrogen chloride 
appears to be very close to that predicted for the oscillatory rotations of the 
adsorbed molecule (11). 


Discussion 


It has been shown that the contribution of a dipolar molecule adsorbed 
on an ionic surface to the orientational polarization will be much less than 
for the free gaseous molecule. This is true in spite of the large induced 
dipole created in the molecule by the field of the surface. It may be instruc- 
tive also to mention a physically unrealistic model as a limiting case. If 
the surface field is considered to induce a dipole in the adsorbed molecule, 
and if this increased dipole is able to rotate freely on the surface under the 
influence of an applied field, the maximum effect from the induced dipole 
would be obtained. This case was worked out for a dipole consisting of 
point charges. The distance between the charges was assumed to have 


TABLE I 


Orientational Polarization and Frequencies of Oscillation for Hydrogen Chloride, 
Adsorbed on the {100} Face of Sodium Chloride at 200°K. 


Polarization | Polarization Frequency 


dl of the of the free | Frequency Te 
pielane G adsorbed gaseous vibration of oscilla vais of kr Value of ky Value of re 
pee molecule molecule along + tion about ( Ee (ergs) (cm.) 
oe SET BkT (Senet) e = cm.) 
cm. ake — : SEC. 
x E x E 


iz ba -73 X 105 | 7.24 X 10-3 | 1.3626 x 10-8 
2.0 X 10-8 | 1.73 X 10-39 | 1.10 K 10-% | 3.10 K 1018 | 2.60 XK 10!) 5 
2.5 - 10-8 | 8.31 K 10-29 | 1.10 K 107-%6 | 3.00 XK 103 | 8.80 & 10" | 5.38 X 105 | 8.03 X 10-4 | 1.314; x 10-8 
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the value required for the equilibrium separation of the charges in the field 
from the surface for all positions about the equilibrium position without 
applied external field. This condition was described approximately through 
the equation » = wy + ui cos 7, where uy is the value of the dipole of the 
free gaseous molecule and y; is that of the induced dipole at y = 0. The 
variation of the dipole with y was found by numerical computation to be 
sufficiently well expressed by the equation up to angles of 30° for the sur- 


face potential field given by ¢ = A cos = cos a. In conjunction with this 


expression for the dipole moment, the Boltzmann factor « ¥*"" was em- 
ployed in the averaging process, which corresponds with the assumption 
that the dipole is a free rotator. The result for the orientational polariza- 
tion was 


Bee 2 He) 
(m) = got aes . 


Thus, even if u; is as great as u,/2, the contribution to the orientational 
polarization from the induced dipole is only about 3% of the total term. 

Such a model is deficient in its neglect of the restoring force to the equi- 
librium position without applied field. To consider it emphasizes the negli- 
gible effect of induced dipoles. More important, however, is the realization 
that when the potential energy is correctly expressed, the motion must be 
oscillatory. For dipolar molecules in the first adsorbed layer on ionic solids 
this conclusion appears quite general. One would therefore not expect the 
orientational polarization to be as large as the Debye term. 

It was pointed out in the introductory paragraph that nonpolar molecules 
with polarizabilities which are independent of direction will exhibit no tend- 
ency to align themselves in an applied field. If the polarizability does 
depend upon direction a preferred orientation on the surface will be estab- 
lished. On application of an electric field a dipole will be induced in the 
molecule, and since the polarizability is not isotropic, the resulting dipole 
in general will not be parallel to the applied field. Thus a torque tending 
to turn the molecule will result, but it will be of much smaller magnitude 
than for a dipolar molecule. Moreover, since the field from the surface re- 
mains fixed, if the molecule does turn its potential energy in the field from 
the surface will increase, and this will reduce the loss of potential energy 
to be expected from alignment in the applied field. Contributions to orient- 
ational polarization because of dipoles induced by the surface fields would 
thus appear to be unimportant. Where permanent moments have been com- 
puted for nonpolar adsorbates (1, 3), the cause must be the particular 
formulation used to derive the polarization from the experimental data. 
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CoNncLUSION 


The criterion suggested by Channen and McIntosh (1) for testing the 
formulas used to deduce polarization of adsorbed molecules in heteroge- 
neous dielectric systems of adsorbate and adsorbent seems justified. This 
criterion is that nonpolar adsorbates, or polar adsorbates which are known 
not to contribute to orientational polarization, should reveal polarizabili- 
ties for the adsorbed state very similar to the distortion polarizability of 
the bulk material. This conclusion has been established by showing that 
dipoles induced by the surface fields do not raise the orientational polariza- 
tion of an adsorbed dipolar molecule above that expected for the gaseous 
molecule. For nonpolar adsorbates no appreciable orientational polariza- 
tion is to be expected owing to the existence of induced dipoles arising 
from the field at the surface of the crystal. 
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I. ABSTRACT 


Mixtures of certain substances, spread as monolayers, can be separated into their 
components by a process of transferring the monolayer through channels from a 
higher to a lower surface pressure. When a mixture is separable, the order of separa- 
tion of the components depends upon their surface pressures. 

The mechanism of the transfer process has been investigated. The rate of transfer 
is directly proportional to the difference in surface pressures of the initial and final 
states of the film and inversely proportional to a “‘resistance’’ which is dependent 
upon the geometry of the channel. Expressions have been derived for the rate of 
transfer as affected by the angle of the groove of the channel and the height of the 
barrier over which the channel passes. These formulas have been verified using brass 
grooves wetted with water and cyclohexyl myristate spread as the monolayer on 
water. 


Il. IntrRopucTION 


Abribat, Rosano, and Vaillet (A, R, and V) have reported recently in a 
note (1) that it was possible to separate a mixture of decyl alcohol, oleic 
acid, and methyl laurate by a method which they called “distillation iso- 
therme superficielle.”” They deposited the mixture upon a subphase as a 
monolayer with the excess remaining as lenses. This surface was connected 
to a second water surface by a set of glass rods in contact with each other 
and bent as shown in Fig. 1. Flowing water removed continuously any film 
that was transferred by the rods to the receiving surface so that the surface 
pressure at this place was always effectively zero. It is essential that the 
glass rods be clean and well wetted by the water. 

By measuring the surface pressure on surface 1 with a dipping plate 
surface manometer, they observed a surface pressure-time curve that re- 
sembled in appearance a titration curve of a tribasic acid or, perhaps better 
still, a polarographic curve of a ternary mixture. They pointed out that 
such a method should permit the identification and analysis of the com- 
ponents of a mixture. 


In Fig. 2 we show one of our typical results for a mixture of Adol 223 


* Archer Daniels Midland Company sample containing a mixture of fatty alcohols 
(88% erucyl, 8% oleyl, and 4% linoleyl). 
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WATER 


DIPPING PLATE 


Fie. 1. Apparatus for film transfer. 


ADOL 22 


ETHYL PALMITATE 


{e) 30 60 90 120 150 180 210 
TIME, min. 


Fig, 2. Transfer curve for the ternary mixture of Adol 22, ethyl palmitate, and 
cyclohexyl myristate (CHM). Surface pressure (7) vs. time. 


ethyl palmitate, and cyclohexyl myristate (CHM) using the technique just 
described, thus confirming the essential features of the preliminary result 
of A, R, and V. The components of the mixture transferred progressively 
in the order of decreasing surface pressures under suitable experimental 
conditions. 

We do not find, however, a horizontal plateau in the transfer curve but 
rather one of small negative slope. We believe this is due to some mixing 
of components in the film. 

We also confirm the comment of A, R, and V that it is not always possi- 
ble to get separations of the type indicated in Fig. 2. Adol 22! can not be 
separated into the several fatty alcohols of which it is composed, presuma- 
bly because the surface pressures of the components are not sufficiently 
different. However, there are also cases in which the pressures differ by 
10 dynes cm. where separation does not occur.? 

2 See p. 688 for Note Added in Proof. 
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Fia. 4. Description of channel. A: cross section of glass rods, B: (cross section), 
C: (side view) brass groove. 
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Since this method obviously opens up a new field of endeavor with im- 
portant possibilities, we have undertaken an investigation of the mecha- 
nism of the transfer process and of the types of curves obtained with dif- 
ferent pure substances before proceeding further in the matter of the 
separation of mixtures. 

This paper will be restricted to a study of the nature of the process 
whereby a film of cyclohexyl myristate (CHM) is transferred from one 
water surface to another on a machined groove in a brass ring. 

Cyclohexyl myristate was chosen because it is a liquid at room tempera- 
ture [(m.p. 25.8) index of refraction nj’? = 1.4536] and has desirable surface 
properties (Fig. 3). 

A brass ring was used in place of the glass rods for reasons evident from 
Figs. 4A and 4B. When a set of glass rods are in parallel orientation and 
in contact, they form a set of grooves. However, these grooves possess a 
variable angle depending upon the position at which the angle is measured. 
It is better to use a single groove having planar sides forming a well-defined 
angle (Fig. 4B), so that simple expressions for the rate of transfer can be 
derived and tested experimentally. The grooves in each ring used were 
machined at different angles to a precision of at least one degree. (See 
Figs. 4B and 4C.) 


III. Tue ‘‘Grometrric Resistance” R 


We conceive. of. the transfer process as motivated by the difference in 
surface pressures between the two surfaces and retarded by a “Geometric 
Resistance”’ & determined by the shape of the path over which the film 
moves. In other words 


“Driving Force” W 


Rate loa’ TO a aD ee ER YE EES 
“Geometric Resistance”’ 


We assume that the ‘Geometric Resistance” is directly proportional 
to the length of the path and varies inversely as the width. 

The calculation of R is somewhat involved. The water wets the brass 
ring along its groove, but the thickness of the water layer decreases with 
height owing to gravity. The fundamental equation of capillarity, which 
shows the effect of gravity, is 

1 (2 + =) = ghip — 6’), pI 
tes ot 
where y = surface tension, h = height, r, 7’ = radii of curvature of surface, 
p — p’ = difference in density (water, air), and p — p’ = p. 

Figure 5A illustrates the groove. From the equations relating the contact 
angle at an interface to the surface tensions it can be shown that the con- 
tact angle of the water in the groove (with a film on it) will remain prac- 
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Water 
Level 


Fia. 5. Geometry of channel. Description in text. 


tically constant and nearly zero degrees throughout the experiment. We 
take the contact angle as constant and equal to zero. The water wets the 
brass with the same contact angle at any height. The width of the path 
over which the film is transferred is r@ at all points. 

To get the length of the path one integrates along that part of the groove 
above the water surface. From Fig. 5B we see that 


dl = r’ dy; 
h =r’ cosy — 7’ cosy. 
Utilizing Eq. [2] and substituting into 


_ length i dl 
width r0 


we get 


It can be shown that 1/r’ is negligible. 


2) 
R= (r’ cosy — r’ cos Yor’ dy, 
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which upon integration yields 


— (sin Yo — Yo cos Yo). [3] 


Equation [3] gives the aes, resistance. R has the form 


12 
where K= a (sin Yo — Yo Cos Yo) . 


IV. Toe Rate or TRANSFER or Fitm 


From the surface pressure-surface concentration curve for CHM (Fig. 
3) it can be seen that for the range 1-9 dynes cm.‘ we can write to a good 
approximation that the surface concentration 


Cam ay tk, [4] 
where k’ is a positive number. From Eq. [1] we set 
LC SAG oe 
dt dt K/y 


where c = surface concentration, k = proportionality constant, yo = 
surface tension of water, yo — y = m = surface pressure, and R = K/y 
_ as in Kq. [8a]. Integration yields 


(hs dy - ‘ke dt [5] 
vi V(yo— y) 4 h’K 
Ae cl — me 8 + log eked (6] 
¥ Yi 


where y; = initial surface tension of film. 
Upon substituting for K we get 


“yO eae By Yo Okt 
Se a =— OF ogr Meiieda <P Cones) + const. (7] 
Equation [7] was tested as follows. 

a. Dependence upon Surface Tension. For constant @ and h (% is a func- 
tion of h only) Fig. 6 gives the data of a typical run. The agreement occurs 
in the range where Eq. [4] holds, i.e., the surface concentration is a linear 
function of the surface tension. 

b. Dependence upon Groove Angle. Utilizing the approximation of Sec- 
tion III that the contact angle is zero degrees, it follows that @ in Kq. [7] 
is the supplement of the groove angle. Defining the slope K’ of the line 
in Fig. 6 by the expression 


log ™ apd = K’t + constant, 
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LOG (%,-%)/7 


TIME, min. 
Fie. 6. Typical curve showing log (yo — y)/y vs. time. 
Slope = —(y09k)/2k’pg(sin Yo — Yo cos Yo) 


40 


30 


10° RATE CONSTANT, min:! 
n 
fe} 


fe) 30 60 90 120 
GROOVE ANGLE, deg. 


Fig. 7. Rate constant vs. groove angle. 


we see that AK’ should vary directly as 6, and, therefore, directly as the 


groove angle. The results are shown in Fig. 7 and are in agreement with 
prediction. 


c. Dependence on Height. The dependence of the transfer rate upon the 
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HEIGHT HEIGHT 
cm FACTOR 


10° RATE CONSTANT, min-! 


1.41 6.38 
1.78 4.43 
2.04 3.62 
2.17 3.30 
2.55 2.58 
2.93 2.08 


te) 2 4 6 8 
HEIGHT FACTOR 


Fig. 8. Rate constant vs. height factor. 


AMOUNT 
16 


TIME, min. 


Fig. 9. Amount of CHM (in arbitrary units) vs. time for transfer. 
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maximum height of the barrier is given by a factor f defined as 


_ 1 
f a (sin Wo = Wo COs Yo) 


/ 
' —1 T= eee 
since Yo = Cos mar on eS 


The value of f was computed for several values of hmax . The results given 
in Fig. 8 show that K’ is linear with f in accord with prediction. 

A further test was performed utilizing a constant surface pressure dif- 
ference by having an excess of a pure surfactant during a run. The value 
of R was constant since all the quantities on which it depended, namely 6, 
vy, and Imax were constant. The rate of transport of film should, therefore, 
be constant, and the amount of time for the substance to be transported 
should be proportional to the amount present. 

A lens was deposited using a calibrated micropipet, and the time meas- 
ured until the surface pressure fell below its saturation value, indicating a 
change in the surface concentration (Fig. 3). 

Figure 9 gives the data for varying amounts of CHM on the surface. 
The explanation for the non-zero intercept is that the end of a run occurs 
when a certain amount of substance remains as a saturated film on the 
water. 


V. Discussion 


The expression for the rate constant contains quantities which are de- 
termined by the geometry of the system and also quantities specific to the 
film and substrate. 

Only the geometrical factors and the surface tension dependence have 
been tested in this paper. Both k’, which is determined by the equilibrium 
properties of the film (Eq. [4]), and k, which should be related to flow 
properties, must be tested further. In measuring surface viscosity Harkins 
(2), Dervichian, Joly (8), and others have used systems in which films 
move through slits under small pressure differences. Our results, although 
not in complete agreement with previous work, have the advantage of 
describing the flow of film over a larger continuous range. 
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ABSTRACT 


Electronic computation has been used to obtain the Poisson-Boltzmann distribu- 
tion of counter ions between an outer spherical surface, radius Ro, where the poten- 
tial gradient is zero, and an inner concentric surface, radius R, representing a uni- 
formly charged spherical particle. Here co is the concentration of the counter ions 
at the outer surface, and c» is their mean concentration in the volume between the 
two surfaces. The results of the computations are given in a plot of co/em against 


R 
In R For given values of R and Ro, c at first increases linearly with the number of 
0 


counter ions per particle, but ultimately approaches a limit. Values of the membrane 
potential, po, are calculated from the equation po = NkT (co) + C)/1000 for 1% and 
0.1% sols of particles 10-6 em. in radius. 


INTRODUCTION 
Using Donnan’s theory to calculate the equilibrium pressure, p, across 
a membrane separating pure water from a dilute aqueous sol of charged 
spherical particles one obtains as a first approximation 


NkT 
Dm = 7000 G lie C). [1] 


In this expression N is Avogadro’s number, & Boltzmann’s constant, T the 
absolute temperature, cm the mean molar concentration of the counter 
ions, and C' the molar concentration of the particles. Equation [1] gives an 
overestimate of the membrane pressure if the concentration, c, of the 
counter ions at the charged surfaces of the particles greatly exceeds their 
concentration, Co, at points furthest away from the particles. It seems to 
the author that the equation 
CeNET 
Po 7000 
should provide a better approximation to the membrane pressure than 
Eq. [1]. 
1 Rothamsted Experimental Station, Department of Statistics, Harpenden, Herts., 
England. 


(co + C) [2] 
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MeEtTHOD 


With this thought in mind the author enlisted the help of Dr. P. M: 
Grundy, who explored means for solving the Poisson-Boltzmann equation 
applied to the space between an outer spherical surface of radius Ro, at 
which the potential gradient is zero and the ionic concentration is ¢o, and 
an inner concentric surface of radius R representing a uniformly charged 
spherical particle at which the ionic concentration is c. Taking the case 
where all the counter ions have the same valency v, Dr. Grundy introduced 
a parameter t defined by the equation 


4 

22 2 2 

Oy es [3] 

in which 6 stands for _8reN e being the electron charge and D the 
1000 DkT’ 


dielectric constant. For any chosen value of fo, ¢ can be related to In = by 
0 


numerical integration (see Appendix). 

Integrations were carried out on the E.D.S.A.C. at Cambridge through 
the kind cooperation of Dr. J. C. P. Miller. These computations provided 
part of the data used in preparing Fig. 1. More recently Mr. D. H. Rees 


0.05 01 0.2 0.3 04 05 06 0.8 1.0 


Sipe ie oe cere aera alk ET | et ype ee | 
In Ro 30 35 1 a n 


R i 1 
! ee 
Ro 0.05 0.1 0.2 0.3 0.4 05 06 0.8 1.0 


Fic. 1. c/¢n plotted against In R/Ro for constant values of fy and ¢. 
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TABLE I 
For R = 10-8 cm. 
i i) ne @ ae Po wii 
m epee (cm. of water) counter ions 
per particle 
1% Sol 
0.217 0.69 a) ey 0.874 9.4 oo 
os 0.7 0.100 9.07 0.364 9.2 875 
HM 0.8 0.534 4.48 0.278 Coal 127 
ee 0.9 0.696 3.18 0.220 5.6 77 
sf 1.0 0.777 2.43 0.178 4.5 56 
Y al 0.828 1.94 0.147 3.8 43 
<4 22) 0.862 1.59 0.124 32 35 
es 3 0.887 1.34 0.105 Mall 29 
ig 1.4. 0.905 1.14 0.091 2.4 24 
ee ites 0.919 0.98 0.079 2.1 21 
0.1% Sol 
0.101 0.95 oe) oo 0.0428 ital eo) 
se 1.0 0.387 8.18 0.0386 1.0 242 
ss ited 0.656 5.78 0.0319 0.8 115 
oS 2, 0.779 4.57 0.0268 0.7 84 
Ye 123 0.8382 3.77 0.0229 0.6 67 
sf 1.4 0.867 3.17 0.0198 0.5 55 
ce 1.5 0.890 2.12 0.0172 0.4 47 


has used the computer at Rothamsted to trace the values of t to the limit 
t = 0 for to) = 0.4, 0.5 --- 1.2. At the same time values were obtained for 
the ratio ¢o/¢m, Where Cm is the mean molar concentration of counter ions 
in the volume between the concentric spheres of radii Ro and R, respectively. 


RESULTS 


Figure 1 is a plot of c/cm against In 2. To illustrate its use let us con- 
0 


sider its application to a sol in which uniform spherical particles are dis- 
persed in 97 times their volume of water. Taking (Ro/R)* = 98 gives 
R/Ro = 0.217, so we read off the values of ¢o/c¢m at which the curves for 
successive values of to intersect the vertical for R/R» = 0.217. These values 
are set out in the third column of the upper part of Table I. The correspond- 


ing values of @¢ = In © are given in the fourth column. These can also be 
Co 


read roughly from Fig. 1. They are not used in the following calculations, 
but are included for general interest. A unit value of ¢ is approximately 
equal to 25 mv. difference in electrical potential between the outer sphere 


and the particle surface. 
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If we take R = 10-* cm., Ro is 4.6 X 10-§ cm.; from Eq. [3] 


a 4 
aS to? Ro’v?B 
Taking » = 1 and B = 1.06 X 10° cm./millimoles, we obtain 
Co = millimoles/liter. 
0 


The values of cy obtained in this way are entered in the fifth column of 
Table I, and the corresponding values of po (Eq. [2]) in centimeters of 
water are given in the sixth column. The concentration of the particles 
themselves to the membrane pressure is only 1 mm., since in a solution 
containing 1 millimole/liter each molecule occupies 1.661 X 107'8 cm.’ 
and so 


_ 3X 1.661 


C= “4n(4.6)> = 0.00407 millimoles/liter. 


The last column shows the number of univalent counter ions balancing 
the charge on each particle which is given by ¢m/C. 

A similar calculation was made for a more dilute sol of volume ration 
970, i.e., R/Ro = 0.101. The results are given in the lower part of Table I. 
The value of R was again taken to be 10-* cm. so Ro = 9.9 X 107-6 cm. 
Here C is just ten times smaller than before, but for the same charge per 
particle co is not reduced to quite one-tenth. This reflects the fact that, for 
the same particle charge, ¢o/c m is greater for the more dilute sol. 


DiscussION 


It will be seen from both parts of Table I that as the charge on the 
particles increases the membrane pressure po, approaches a maximum value. 
Most of the surface charge densities implied in Table I are low; even 875 
unit electron charges on the surface of a particle 10-6 cm. in radius corre- 
sponds to an area of 144 A? per unit charge. 

The entries in the last three columns of Table I depend on the arbitrary 
choice of 10~§ em. for R. To construct a table for R = 2 X 10-* cm., the 
values of co and po in Table I must be divided by 4, while the values of 
Cm/C must be doubled. The surface densities of charge will be halved. 

If R were increased to 10-* cm., the maximum membrane pressure for a 
1% sol would be only 1 mm. of water. If R were reduced to 10-7 cm., 
membrane pressures approaching 100 cm. of water would be given by a 
0.1% sol, but the particles would carry only a few unit charges so that co 
would not greatly exceed C. Thus the treatment developed in this paper is 
best suited to aqueous sols of spherical particles neither much larger nor 
much smaller than 10-° em. in radius. For larger particles the pressures 
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could be increased by using more concentrated sols, but caution is needed 
in applying the treatment when R/Ry exceeds 0.4. 

In conclusion, brief consideration will be given to the effect of a small 
external electrolyte concentration on the equilibrium membrane pressure. 
We take the case represented by the fifth row of Table I, but suppose that 
externally there is 2 X 10-° M concentration of uni-univalent electrolyte. 
The ion product, being 4 X 10- outside, must have the same value inside, 
the expected values being 0.179 and 0.002 millimole/liter. As before C is 
0.004, so the total inside concentration is 0.185. Since the total outside con- 
centration is 0.040, the concentration difference effective in producing the 
membrane pressure is 0.145, giving a pressure of 3.6 cm. of water instead 
of 4.5 em. 


APPENDIX 


With only one kind of ion present the Poisson-Boltzmann equation takes 
the form 


2, —4rveNcoo —vep 
enon (eT 


where y is the electric potential, » the valency of the counter ions, ¢ the 
electronic charge, N Avogadro’s number, D the dielectric constant, k 
Boltzmann’s constant, and T the absolute temperature. The molar concen- 
tration of the counter ions at the surface of an inner sphere of radius R 
_ whose potential is —y is given by c. In particular, c = co on the surface 
of the sphere of radius R = Ro with zero potential. 

By making the following substitutions and taking into account the 
spherical symmetry of the system, Eq. [4] can be reduced to 


[4] 


a ) — 9,%-%0 ; 
? dr (« ap eee hs [5] 
where 
= ave -— i 
o= LT In i 
SareN 4 } 
= i b t f Ea. [3 
P= T000DET ~ PRY (by virtue of Eq. [3]) 
gd 
Se 
is ne ef? 


The problem has been to find the first value of r (<1) for which ¢ becomes 
infinite given the initial values 


d= go 
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at ie 


The solutions calculated on the E.D.S.A.C. were derived from the 
numerical integration of an equation of the same form as Eq. [5]. Because 
of the rapid increase in the values of ¢ these results were useful only over 
a limited range of values of r. In particular, the limiting value of r as ¢ > © 
could not. be determined. In order to determine the whole range of values 
of r the substitution wu = In r was made. This reduced Eq. [5] to the pair 
of first-order differential equations 


Cn See ie 


du t ; 
[6] 
t 
ie c; 
with the initial conditions 
t= ty, Gy was Naat aig 
du 


The integration of these equations was carried out on the Elliott Bros. 
“401” digital computer, now located at Rothamsted Experimental Sta- 
tion, with the use of a modified form of the Runge Kutta process (1). An 
integration interval of 2-® was used and at every 17th step values of wu, t, 
=, = and e ** were printed. When ¢ first became <2-® the program was 
reset automatically to print out every step of the integration. 

The graphs in Fig. 1 for to = 0.4, 0.5 --- 1.2 were drawn directly from 
the printed results. The graphs for to = 1.3, 1.4, 1.5 were drawn from calcu- 
lations based on E.C.S.A.C. results as far as they were valid. The curves 
for constant ¢ were determined by standard interpolation. 


REFERENCE 


1. Witkss, M. V., Wueever, D.S., anv Guu, S., “Programs for an Electronic Digi- 
tal Computer.”” Addison Wesley Press, Cambridge, Massachusetts, 1951. 


JOURNAL OF COLLOID SCIENCE 11, 623-636 (1956) 


RECENT WORK ON SURFACE ACTIVITY, WETTING 
AND DEWETTING 


Jean Guastalla 


Laboratoire de Chimie Physique, Faculté des Sciences, Paris 
Received April 5, 1956 


SurFAcEe AcTIVITY 
a. Theoretical 


Let y be the work necessary to increase isothermally and reversibly the 
free surface area of a pure liquid (i. e., the surface tension). 

The liquid is placed in a trough. Let us imagine that one of its edges can 
be displaced; the work necessary to move horizontally this edge of length L 
over a distance dl in order to increase isothermally and reversibly the free 
surface area of the liquid an amount dS = Ld, is equal to ydS = yL dl. 
This work is done by a mechanical force f which moves the point at which 
it is applied over a distance dl; at equilibrium, f dl = yL dl, or y = f/L. 

The pure liquid is then replaced by a very dilute solution of a surface- 
active substance; the work yinst which the experimenter would have to do 
if no adsorption ocurred, is in fact smaller since the experimenter recovers, 
while working to increase the area of the surface, the adsorption work on the 
newly created surface, this work being Was per cm. (provided he works 
isothermally and reversibly). Therefore, the work which the experimenter 
must supply (per cm.”) is Yso1ut = Yinst — Waas. The instantaneous tension 
Yinst 18 practically identical with the surface tension 7o of the pure solvent 
if the solution is very dilute; the adsorption work W,as is then represented 
by the lowering of the surface tension or surface pressure p: 


1 
Yaolut tam 4) 0) ames 


Experimentally, the trough with a movable edge cannot be used for 
measuring the surface tension 7 because of friction and hydrostatic effects; 
but the wettable plate method (Wilhelmy, Lord Rayleigh) is an equivalent 
procedure which is very convenient and direct. 

A rectangular plate is immersed in a liquid which wets it perfectly and 
is then partially withdrawn in such a way as to outreach the tangential 


1 This kind of approach will be particularly useful as applied to wetting, discussed 
later (1, 2). 
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position of the meniscus; if we then lift the plate a distance dh, the area 
of the liquid film wetting the plate will be increased by dS = w dh (w = the 
perimeter of the plate), by doing work yw dh against the surface tension ¥. 
The work is supplied by a mechanical force f which displaces the point 
where it is applied vertically a distance dh; at equilibrium yw dh = f dh, 
of SH 

To measure y we use a direct-reading balance with an horizontal torsion 
wire; the movable equipment comprises a galvanometer mirror (R = 200 
cm.) and a rod 2 cm. long, positioned nearly horizontally during measure- 
ments, at the end of which the wettable plate is suspended by a silk thread. 
Displacements of a spot are observed on a scale. 

The buoyancy on the plate cannot be neglected. It is convenient to 
include its variations in the calibration of the apparatus (8, 4); the calibra- 
tion is carried out by means of riders, while the wettable plate suspended 
from the balance is partially immersed in a liquid having a stable surface 
tension and the same density as the experimental solution. Then, after 
the spot is brought to the zero position, the surface of the solution is slowly 
brought into contact with the lower edge of the plate. As soon as contact is 
established the plate will be slightly immersed. The surface tension may 
then be directly calculated from the deviation of the spot along the scale. 

The plates used are made of rough platinum or rough mica. The ac- 
curacy of the measurements may be better than 0.1 dyne/em. 

We have also frequently used the Dognon and Abribat tensiometer, 
where a wettable rough platinum plate is suspended from an electromag- 
netic balance (5). 


b. Determination of the Traube Coefficient 


The Traube rule states that in an homologous series of surface-active 
substances there is a constant ratio between the molar concentrations of 
two consecutive homologs giving rise to the same very small surface tension 
lowering in aqueous solutions. This law is true only in the limiting case, i. e., 
at extreme dilutions where adsorption films are supposed to be in the state 
of a two-dimensional ideal gas. According to Langmuir (6) the statistical 
adsorption equilibrium at great dilutions can be expressed as follows: 


ArGabtes = A26 exp (= W/kT), 


where 6 is the surface density or the number of adsorbed molecules per cm.’, 
Cmolee the molecular concentration, Wo the immersion work of the hydro- 
carbon chain, k the Boltzmann’s constant, 7’ the absolute temperature; 


A; and A: are both constants which are available for a given series. If we 


compare two terms, respectively C, and Cy4; in an homologous series, it 
follows that: 


(0/Gmoles) a1 = (0/ Carsten) a ° exp (AWo/kT), 
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AW being the increase in immersion work of the hydrocarbon chain when 
the chain increases by one CH: group; n represents the number of carbons 
in the molecule. 

The term exp (AWo/kT) is called the Traube coefficient (Cr). 

On a perfect gaseous film, 


6 rp 


om Comey ET ae’ 


therefore the limit of the ratio 6/cmotec at extreme dilutions is obtained by 
dividing the slope of the tangent at the origin of the adsorption curve by 
kT (pis plotted against Cmotec)- 

L. Guastalla has determined the Traube coefficient for the series of 
saturated acids and for the series of saturated alcohols (at around 22-23°C.) 
over a chain length range as wide as possible (n between 2 and 12, this range 
being limited by the insolubility of the higher homologs) (7, 8). 

The fatty acids were dissolved in 0.01 M hydrochloric acid, since it 
was necessary to avoid dissociation. A dissociated molecule is much less 
surface-active than a nondissociated molecule. We know (according to G. 
Langlois (9)) that if a fatty acid is partially dissociated in solution, it 
seems that the adsorption layer is in equilibrium only with the undisso- 
ciated molecules; for instance, if lauric acid is dissolved in 0.00002 1 
hydrochloric acid, whose pH is close to the pKz of the fatty acid, the ad- 
sorption curve p-c is identical to the one obtained by increasing the ab- 
scissa of the lauric acid adsorption curve (0.01 M HCl) by a factor of 2. 

The alcohols were dissolved in pure water, the results being substantially 
the same with alcohols dissolved in 0.01 M hydrochloric acid. 

For each of the substances studied an adsorption curve p-c (c = molar 
concentration) was obtained and the tangent at the origin of the curve was 
drawn (see, for example, Figs. 1 and 2). The measurements are difficult with 
the higher members; for example, the pressure of the lauric acid adsorption 
film in the gaseous state does not go beyond 0.4 dyne/cm. 

After (6/c)1im has been calculated for each substance of the series, the 
logarithms of (6/c)1im are plotted against n (n = number of carbon atoms 
in a molecule). If the Traube coefficient is constant it should be possible 
to draw a straight line through the points. 

The results for a certain number of acids and alcohols are shown in Fig. 3. 
The following conclusions may be drawn from the figure. The Traube co- 
efficient is constant over the whole range studied for both acids and al- 
eohols. Its value is the same for the acids and for the alcohols. This value 
is approximately 2.65, which is rather smaller than the one generally ac. 
cepted; the immersion work per CH: group (AW) is about 390 x 10 
erg. The same conclusions would have been reached if the straight lines 
corresponding to the acids and alcohols were only parallel; but they are in 
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0 0.25 0.5 
Fia. 1 


C mole 


0 2 4.4077 
Fig. 2 


fact identical, which can be interpreted by assuming that the average length 
of the chain above the water surface is the same for an acid as for an alcohol 
having the same number of carbon atoms. 

Other experiments concerning the Traube rule have been performed 
with more concentrated solutions, giving real adsorption films (8). The 
relationship which expresses adsorption equilibrium takes the following 


form: 
A Gracia = A26 exp | ee | 


where, according to J. Guastalla (10), the expulsion energy is 


De 
ame / ati 
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(1/6 = o, the molecular area; p; = p — kT5). The term W, is always 
positive for short-length acids and alcohols; it can be negative over a cer- 
tain concentration range for long-chain members. 

For different terms of a homologous series, a comparison is made for the 
ratios 6/c established for a given value 6 (for example, 6 = (1 /40)A.~*) 
(we then use the isotherms p-o calculated from the Gibbs equation). 

It is possible to determine nearly correctly a Traube coefficient C’ 73) 
for a given value of 6; this coefficient is higher than the actual Traube co- 
efficient determined at extreme dilutions. The logarithms of 6/c correspond- 
ing tod = (1/40)A.~ plotted against n are represented in Fig. 4. A straight 
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line can be, well enough, drawn through the points; this line cuts the one 
plotted with the 6/c values extrapolated for extreme dilutions. 


Il. WETTING 
a. Theoretical (11, 1, 2) 


A very thin rectangular plate made of Plexiglas is suspended from a 
torsion balance with an horizontal wire. The plate is completely immersed 
in pure water (which wets it imperfectly). It is then withdrawn vertically 
and very slowly, while the vertical force to which the plate is subjected, is 
measured continuously. 

First there is a meniscus formed which leans on the upper edge of the 
plate (as if it were wettable); but tangential contact is never obtained. At a 
certain moment the solid plate frees itself of the liquid and seems to be 
dry; henceforth the meniscus does not alter in shape and forms a constant 
angle with the solid. The graph of force vs. height of the plate (after cor- 
rection for buoyancy) is represented in Fig. 5. The ascending branch of the 
curve represents the deformation of the meniscus, the plateau corresponding 
to the constant force measured from the moment at which the plate emerges 
dry from the meniscus of constant shape. 

From this moment on, the experimenter does not work any more against 
surface tension or hydrostatic forces; the work supplied by him is used 
only for the plate dewetting. 

Let 7 be the work of dewetting per cm.” (isothermal and reversible). 
The work of dewetting of the plate over a height dh is rdS = rw dh (w | 
being the perimeter of the plate); if the mechanical compensation work is 
f’ dh (force f’), it follows that 


tw dh = f' dh, 7 = f'/o. 


With Plexiglas and pure water, r is positive. With a paraffin-coated plate 
and pure water, 7 is negative; it is necessary to supply work to immerse 
vertically a paraffin-coated plate in pure water. A graph like the one of 
Fig. 6 is obtained when the vertical force is plotted against the depth of im- 
mersion of the lower edge of the plate. 

Hysteresis. Wetting and dewetting an imperfectly wettable solid cannot 


f - depth f depth 
height is 


Fig. 5 Fia. 6 Fig. 7 


SURFACE ACTIVITY, WETTING AND DEWETTING 629 


be performed in a strictly reversible manner. If the paraffin-coated plate is 
partially immersed in pure water and then withdrawn, an hysteresis cycle 
is obtained on the graph representing the forces (Fig. 7). The area of the 
cycle represents the work lost. From the two “plateaux” of the forces 
(immersion and emersion) it is possible to calculate the adhesion tension of 
immersion te (wetting work with opposite sign) and the adhesion tension 
of emersion +, (dewetting work). 

The hysteresis of wetting is well known; it can arise from several causes 
(roughness of the solid surface, delays either in adsorption or desorption of 
solute or vapor ...). In the case of paraffin and water, the hysteresis is 
due mainly to the roughness of the paraffin-coated surface. The hysteresis 
can be greatly decreased by polishing the surface by means of reheating in 
an oven (12). 

Wetting by a Solution of an Adsorbable Substance at the Solid-Solution 
Interface. Let us assume for a moment that there is no hysteresis. The 
experimenter who would then immerse a paraffin-coated plate in a dilute 
solution of a substance able to adsorb itself at the paraffin-solution interface 
would work, zf no adsorption occurred, to wet the paraffin surface with a 
liquid whose properties would be very close to those of pure water (work of 
wetting—v7). But adsorption takes place, and if the experimenter works 
reversibly, he recovers the adsorption work at the liquid-solid interface of 
the solute (Was per cm.”) when he immerses the plate; he must therefore 
supply altogether, per em.’, —Tsoiut = —T0 — Waas (he will supply work 
+7so1ut When withdrawing the plate if the adsorbed molecules go back into 
solution). The work W.as is analogous to a surface pressure, and we shall 
represent this quantity by p; (13). It then follows that 


Si a UO ILS 
Die ediscolut seme Oke 


If ro is negative (as, for instance, in the case of the system water-paraf- 
fin), it may happen that p; = Waas is greater than (—70); the work sup- 
plied by the experimenter when wetting the plate is therefore reduced to 
such an extent that the sign is changed; in this case the experimenter ob- 
tains positive work when wetting the plate. 

Harkins and his co-workers (14) have calculated p; , in a certain number 
of cases, from indirect measurements (determination of the contact angle); 
p; can be determined much more easily by comparing the force vs. depth 
graphs established with pure water and with the solution, respectively 
(Fig. 8). 

Hysteresis brings in a difficulty. If hysteresis is considerable in the case 
of pure water, it will be decreased by the presence of the wetting agent. 
But if the hysteresis is small with pure water (very smooth plates), it will 
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be only slightly reduced by the wetting agent, and the values of px.) and 
Dis) Obtained by comparing the immersion and emersion plateaux are 
nearly identical. 

Contact Angles. Formerly, the characteristics of wetting were frequently 
determined by measuring contact angles, these measurements being diffi- 
cult to carry out. The angles of advance and withdrawal (6, and 6,) are 
related to y and to the two values of 7 by the relationship + = y cos 8, 
which is well known and easy to derive from energy considerations. 

The direct measurement of + by means of the plate is much more con- 
venient than the measurement of 6; moreover, @ is generally of not much 
importance. The contact angle is to be considered only as an effect, being 
the result of y competing with r.” Regarding phenomena like the rise of a 
liquid in a capillary tube or its penetration in imperfectly wettable pores, 
the only interesting quantity would be 7; for instance, when rising to a 
height, h, in an imperfectly wettable capillary tube of radius, r, the liquid 


Fie. 8 


stops when the work against the hydrostatic forces, pghar’ dh, is equal to 
the work obtained from the wetting action, 2mrz dh, wherefore h = 27/ pgr, 


where p is the specific mass of the liquid and g is the acceleration due to 
gravity. 


6. Apparatus and Technique (16, 2) 


The apparatus which we use for studying wetting (wetting tensiometer, 
Figs. 9 and 10) permits the simultaneous measurement of surface tension 
and adhesion tension (the simultaneousness of both measurements being 
necessary when equilibrium is not instantaneous). The apparatus comprises 
two torsion balances with horizontal wires which can be displaced a few 
centimeters, upwards or downwards, independent of each other, in two 
parallel planes very close to one another. The trough which contains the 
liquid is fixed. The wettable plate is suspended from one of the balances 
and the imperfectly wettable plate from the other one. The torsion balance 


2 The author would not be in agreement with Harkins on this point (15). 
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Fries. 9. and 10. M—vertical mirrors; B—torsion balances; L—lenses; E—scale; 
I—index; P—light source; C—trough; H—heating. 


includes small plane mirrors. Light arrives at each of these mirrors in 
parallel beams after having passed through a convergent lens of long focal 
length (200 cm.), the light source and a big graduated scale being situated 
in the focal plane of the lens. The dimensions of the apparatus are reduced 
because of several reflections on vertical mirrors. 

In this manner two spots are obtained on a single fixed scale; the position 
of each spot gives only the torsion angle of the corresponding balance and is 
not modified by the vertical displacements of the balance if the torsion angle 


remains constant. 
Qualitative Experiment. Both the spots are brought to zero (center of the 


632 JEAN GUASTALLA 


scale). The wettable plate is brought into contact with the surface of pure 
water; when contact is established, one of the spots rises. Then the second 
(paraffin-coated) plate is immersed in the water; the plate is pushed up- 
wards and the second spot goes down (7 < 0). When a small quantity of a 
surface-active compound is dissolved in the water, by introducing it on the 
tip of a rod, the first spot goes down but remains above zero (y decreases) ; 
the second spot will then go up and will stabilize above zero (7 increases 
and becomes positive). 

Wetting Curve; Corrections. Figure 11 represents actual wetting curves 
(A, paraffin-water; B, paraffin-solution of surfactant); the vertical forces 
acting on the plate are shown as a function of the displacement downwards 
of the balance, counted from the contact of the base of the plate with the 
surface of the liquid. 

On these rough graphs, the plateaux of the adhesion tension are slightly 
inclined (buoyancy). In order to correct for this effect in the calculation of 
the adhesion tension, the two inclined straight lines are extrapolated to the 
ordinates. 

If a rigorous treatment is desired, the change of the torsion angle during 
the experiment should be taken into account; the depth of the lower edge of 
the plate is a little different from the displacement of the balance-body, 
counted from the contact of the plate with the liquid. In order to correct 
for the differences (proportional to the displacements of the spot), a 
slightly inclined axis instead of the vertical ordinate is taken, the slope of 
which can be easily determined (broken line, Fig. 11). 
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c. Examples of Results Obtained 


1. Curves p-c and p;-c; Establishing of a Traube Rule. The wetting of 
paraffin by solutions of various acids and saturated alcohols has been 
studied by L. Guastalla at the same time as the surface tension of the same 
solutions. 

For the first homologs, the curves p,-c differ rather little from the curves 
p-c; the differences become more important when the length of the chain 
increases. Figure 12 shows the curves p-c and p-c for lauric acid (Cy). 
The ratio of the slopes of the tangents at the origin for both curves is 
about 20. 

L. Guastalla has tried to define a kind of Traube coefficient from the 
slopes of the tangents to the curves p;c at the origin, for an homologous 
series. This coefficient is not constant. For the first members of each series, 
the coefficient is greater than the one for the free liquid surfaces (for in- 
stance, 3.8 for the first acids instead of 2.65). It will tend towards 2.65 for 
the long-chain members (17). 

2. Curves y-log c and 1-log c for an Industrial Product. It is convenient to 
plot y, re, and 7, versus the logarithm of the concentration. The graph 
(example Fig. 13) indicates the C.M.C. The more the adhesion tension 
approaches the surface tension, the more efficient is the wetting agent. 
When the wetting is perfect, the adhesion tension curves rejoin the surface 
tension curve; this phenomenon is rather exceptional when the solid to be 
wetted is paraffin. 


d. Dynamic Wetting 


In industry, dynamical wetting has to be considered frequently. The re- 
sults obtained by static measurements are applicable only if the phenome- 
non is practically reversible. 
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Rosano (18, 19) has studied the rate of penetration of water and various 
solutions into small tubes which are paraffin-coated on the inside and into 
tubes of polyvinyl! chloride, under different hydrostatic pressures. For pure 
liquids and for certain micellar wetting solutions, the progression (or 
retreat) follows correctly Washburn’s law for displacements in wettable 
tubes, provided y is replaced by 7, (progression) or by 7, (retreat). For non- 
micellar wetting solutions, the rate of progression is generally decreased, 
since the meniscus zone leaves molecules on the walls of the tube and since 
the supply of molecules from the solution is not instantaneous (dynamic 
loss). In case a network of very small micropores (tissue, porous material) 
has to be wetted, a definite loss may moreover take place (stop of progres- 
sion) owing to the great adsorbing surface. 

In order to study directly the penetration of a wetting solution in a 
porous material, a rectangular sample of the material may be suspended 
from a torsion balance, and the increase in weight of the sample may be 
followed as a function of time, after its lower edge is put in contact with 
the surface of the liquid. It is necessary to separate from the measured force 
the effect of the surface tension on the periphery of the sample (test devised 
by Rosano, Le Peintre and Baudier). 


Ill. Dewerrtine 


A wetting agent for paraffin does not necessarily wet any other solid. 
For instance, the cationic surfactants, which are excellent wetting agents 
for paraffin, dewet glass or quartz within certain concentration limits. This 
phenomenon was studied by L. Ténébre by means of the wetting tensiometer 
(20, 21). A mica plate having a rough surface was suspended from one of the 
balances in order to measure the surface tension and a glass plate (micro- 
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scope cover glass) from the other balance. The wet glass plate is first im- 
mersed in the liquid (thermodynamically irreversible dewetting is then 
observed), and the apparent adhesion tension for glass-solution is measured 
from an emersion followed by another immersion. 

As an example, Fig. 14 shows y, 7, , and +, paraffin-solution, Te(app) and 
Ts(app) glass-solution, as a function of the logarithm of the concentrations 
for solution of lauryl-trimethyl-ammonium bromide. 

The slope of the 7a» curves (glass-solution) has the same sign as the one 
of the curve of v, i. e., opposite to the one of the slope for the curve 7 paraf- 
fin-solution. The application of the Gibbs equation (as well as common 
sense) led to the idea that a film is fixed on the glass plate when it is with- 
drawn from the solution, the plate being apparently dry, and that this film 
is restored to the suface of the solution when the glass plate is again im- 
mersed. This withdrawal of a film is confirmed by the fact that in the case 
of nonmicellar solutions of cationic long-chain substances the surface ten- 
sion increases temporarily while the glass plate is withdrawn and decreases 
temporarily while it is again immersed. (Ténébre has succeeded in deter- 
mining the rate at which material is deposited on the glass plate.) It is here 
a question of an additional adsorption, since the glass fixes already a certain 
number of surfactant molecules when it is immersed in the solution (this 
fact being confirmed by the rise in the surface tension of the solution after 
it has been stirred in the presence of glass wool). But, contrary to what may 
be expected, this additional adsorption 7s not due to the deposition of a 
second layer of molecules of surfactant, paraffin ends to paraffin ends, on a 
first layer already deposited in the bulk of the solution. This additional ad- 
sorption would indeed look like an adsorption on the paraffin (positive slope 
for the curve r-log c). But the data rather lead to the assumption that the 
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polar ends of the molecules of surfactant are fixed on the glass, during 
emersion, at the free places between the molecules already adsorbed, in the 
form of a rather loose network in the bulk of the solution. 

This method may permit elucidation of the mechanism which les at the 
basis of flotation phenomenon. 
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It has been pointed out previously (1-3) that layers of polar polymers 
could be considered as “membranes,” and treated as such when laid on 
metal supports. 

Some consequences of this hypothesis have already been drawn. Von 
Manegold (4) has subsequently treated the same problem as applied to 
different types of membrane models. 

A polar film, considered as a membrane, can then be considered as con- 
sisting of a series of communicating pores and cavities on whose walls 
groups of polar molecules are to be found: swelling the film with water 
_ yields, by dissociation, fixed ions on the wall and mobile ions in the inter- 
micellar water. Such conditions are like those existing in ion-selective 
membranes as described among others by Sollner (5). 

If a metal test piece, coated with a film of the type described, is dipped 
in an electrolytic solution, it is anticipated that the selective property of 
the film will strongly influence the composition of the solution, originating 
from the liquid penetrating through the membrane, in contact with the 
metal; the concentration of this inner solution may be chiefly influenced 
either by corrosion phenomena or by ion diffusion from the outer solution, 
or by both. 

The selective effect of the coating film can work in two ways: (1) by 
hydrolytic action, modifying the pH of the liquid in contact with the metal; 
(2) by allowing exchange among the ions having the same sign as the mobile 
ones of the membrane. The hydrolytic effect on the corrosion reaction varies 
according to the nature of the metal tested. The limits imposed on the ion 
exchange by the presence of the ion-selective films are general and can be 
easily described. 

A cation-selective film should allow the passage from inside to outside 
the metal ions originated by the corrosion, whereas an anion-selective film 
should stop their diffusion. 

The components used as varnishes offer only weakly selective properties, 
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and where a selectivity exists, often the high polarity itself can originate 
the decrease of the selective properties owing to too large a swelling. 

To realize the best possible experimental conditions to follow the pene- 
tration of electrolytic solutions through membranes covering metal test 
pieces, we used components which were suitable for this purpose, although 
they are not as efficient as real varnishes for protective purposes. 

The films used were prepared from extremely dispersed suspensions of 
ion-exchange resins in ion-inert and film-forming components; the present 
technique differs from the one followed by Wyllie and Patnode (6) to ob- 
tain heterogeneous membranes from blends of ion-exchange resin, incor- 
porated in polystyrene or polymethylmethacrylate, by molding under 
pressure. 

To test the behavior of our membranes, we checked the degree of selec- 
tivity as measured on isolated films against varying concentrations of 
different electrolytes, with satisfactory results. 

Silver and iron electrodes were used; for silver, corrosion phenomena are 
not important, and the potentiometric measurements of the coated elec- 
trodes against a solution of silver nitrate enabled us to follow the rate of 
exchange of metallic ions, through the film, versus time. For iron the meas- 
urements made against a solution initially not containing soluble iron salts, 
definitely show the effect of the ion-selectivity of the film upon corrosion 
phenomena. 


[EXPERIMENTAL 


a. Silver Electrodes 


The electrodes, shaped as small round-edged sticks, were coated by 
immersion in suspensions of ion-exchange resins in polystyrene solutions. 

To prepare these suspensions, two types of ion-exchange resins were used: 
the Amberlite I.R. 100 A. G., cation-exchanger, and the Amberlite I.R.4 B, 
anion-exchanger. These resins, after grinding, were sieved through a 200- 
mesh sieve, and dispersed in a 20% solution of polystyrene in toluene. 
After a number of preliminary tests, the use of suspensions containing 25 % 
of ion-exchange resins on the weight of polystyrene was preferred. 

lor measurements on separate films, membranes were obtained by laying 
the suspension on glass strips and then stripping off the film after the 
solvent evaporated. The degree of selectivity of the membranes was evalu- 
ated potentiometrically, following the method described by Meyer and 
Sievers (7), against solutions of potassium chloride, potassium nitrate , and 
silver nitrate in concentrations ranging from 0.17 to 0.01 M. The results of 
potentiometric measurements are reported in Table I for cationic mem- 
branes and in Table II for anionic membranes. Alongside the experimental 
values (Hexp.), the theoretical values are reported (Meatc.); these were cal- 
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TABLE I 
Potentiometric Measurements for Cationic Membranes 
Conc. M Ci/C2 


0.17/0.085 0.085/.0042 0.042/0.021 0.021/0.105 
KCl 
Exp. 14 15 15 16 
Beate: 15.74 7e4! 17.0 18.06 
ta 0.89 0.86 0.87 0.88 
KNO; 
Eexp. 13.7 15 W552 15.2 
Eeatc. 15.3 16.03 17.0 18.06 
tt 0.89 0.94 0.84 0.84 
AgNO; 
Eexp. 13.7 15 15.2 2? 
Beate. 16.03 WA) 17.0 17.79 
tt: 0.85 0.88 0.89 0.85 
TABLE II 
Potentiometric Measurements for Anionic Membranes 
Conc. M Ci/C2 
0.17/0.085 0.085/0.042 0.042/0.021 0.021/0.0105 
KCl 
Exp. —10 —11.2 —11.2 —10 
Eeate. 15.74 17.4 17.0 18.06 
tt 0.64 0.64 0.66 0.50 
KNO; 
Bax: —12.5 —12.5 —12 —10 
F Bator . 15.3 16.03 17 18.6 
tt 0.81 0.77 0.70 0.55 
AgNO; 
Eexp. —14.7 —15 —15 —15. 
Evatc. 16.03 17.0 17.0 17.79 
tt 0.92 0.87 0.87 0.84 


culated by means of the activity coefficients given by Harned and Owen 
(8) and by Landolt (9) with the following formula: 


ay 
= “= log 2 [1] 
E 7 og 7 
valid in the case of an ideal perm-selective membrane. [n Tables I and II 
is also reported the ‘“‘apparent transport number,” of the exchanging ion, 
evaluated for every measurement and referred to the average normality 
(10) by the formula: 


sea 
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Fig. 1. Silver electrodes coated with cation-selective films. Potential versus time 
diagram: @ film thickness 0.15 mm.; © film thickness 0.36 mm. 
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Fra. 2. Silver electrodes coated with anion-selective films. Potential versus time 
diagram: @ film thickness 0.12 mm.; © film thickness 0.4 mm. 


The coated electrodes were dipped into solutions of 0.17 M of silver 
nitrate. Their potentials were measured against a reference calomel elec- 
trode in a saturated solution of potassium chloride, connected to a solution 
of silver nitrate by ammonium nitrate bridges. 

Immediate short circuiting between metal and solution was observed in 
every case. The results are shown in Figs. 1 and 2, respectively, for the 
electrodes coated with cation-exchange and with anion-exchange resins. 


b. Iron Test-Electrodes 


Potentiometric measurements were made in a solution of composition 


equivalent to that of sea water (11) using a reference calomel electrode in a 
saturated solution of KCl. 


First experiments with polystyrene suspensions gave too short a time of 
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observation (150-200 hours), given the strong water absorption on the film. 
In order to avoid this inconvenience, other measurements were made on 
test pieces coated with a layer of plasticized chlorinated rubber, activated 
with ion-exchange resins and coated with a second layer of plasticized 
chlorinated rubber, to limit the swelling. The suspensions contained 25% 
of ion-exchange resin on the dried residue. 

In this case, measurements could be made even on an isolated film with 
0.1 and 0.01 M solutions of KCl. Stable potentiometric values were ob- 
tained, in the present case, after about 72 hours. For cation-exchange 
membranes, a value of +50 mv. for (Hexp.) was obtained, and of —48 mv. 
for anion-exchange membranes. The theoretical value, calculated from 
formula [1], is +55.6. 

Together with the test pieces coated as described, some reference test 
pieces were used, which were protected only by nonionic films. In no case 
was an immediate short circuiting observed. 

Measurements lasted a period of 22 months. The level of liquid in the 
containers was kept constant by periodic supplies of water. The results of 
potential versus time measurements are reported in Figs. 3, 4, and 5. 

Some corrosion phenomena could be clearly observed after 16 months 
on test pieces C (cation-exchange film) and after 18 months on test pieces I 
Gion-inert film). The corrosion appeared with a yellow-greenish color of the 
solution, and with the formation of a rust deposit on the bottom of the 
containers. 

The solution, however, did not appear colored and no formation of de- 
posit was observed, after 22 months, in the containers holding test pieces 
A (anion-exchange film). It was possible to observe the formation of 
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Fig.3 
Fia. 3. Iron test pieces, coated with anion-selective films (A). Potential versus time 
diagram: No. I film thickness 0.42 mm.; “time of contact”’ about 145 hours. No. I 
film thickness 0.45 mm.; ‘‘time of contact’’ about 170 hours. 
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Fig. 4 
Fia. 4. Iron test pieces, coated with cation-selective films (C). Potential versus time 
diagram: No. I film thickness 0.50 mm.; “time of contact”? about 160 hours. No. II 
film thickness 0.47 mm.; “‘time of contact’? about 135 hours. 
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Fra. 5. Iron test pieces, coated with ion-inert films (I), plasticized chlorinated 
rubber only. Potential versus time diagram: No. I film thickness 0.28 mm.; ‘‘time of 


contact”’ about 160 hours. No. II film thickness 0.22 mm.; “‘time of contact’? about 
190 hours. 


blisters on the films, particularly in the test piece corresponding (diagram 
Fig. 5) to curve No. 2. 

After removal of the film, on test pieces C, a pointlike corrosion was ob- 
served, owing to the presence of anodic and cathodic areas over all the 
dipped surfaces. On test pieces I, a similar corrosion was observed along 
with the formation of a dusty material and the presence of slight blisters 
on the varnish film. On the test pieces A the presence of some liquid under 


the varnish was observed, the surface appearing practically without cor- 
rosion. 
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TABLE III 
Iron Test Pieces 
: A C I 
Potential in volts 
I rat I rat I | rat 
E, (initial) —0.15 —0.07 | +0.04 —0.01 =o eOe 
Hy (after 3 —0.44 —0.43 —0.17 +0.1 —0.37 —0.25 
months) | 
HH; (max.) —0.50 —0.49 —0.49 —0.50 —0.48 —0.50 
Time (in months) 5 2 5 10 3 4 
Es —0.25 —0.22 —0.46 —0.43 —0.48 —0.46 


In Table III are reported the potentials observed on the closing of con- 
tact (#;) and after 3 months (#2); in the same table the highest value 
obtained from each test piece (H3) and the value observed at the end of the 
measurements are also given. 


DISCUSSION 


The measurements upon coated silver electrodes show that from the 
“times of contact” and from the values of the first constant potential able 
to be measured, the initial behavior of the electrodes is independent of the 
ionic nature of the film. 

The silver ion concentration in the solution in contact with the metal 
can increase only by diffusion of ions existing in the outer solution, because 
of the slight solubility of the corrosion products. This should be possible 
only for electrodes coated with cationic membranes. Experimental results 
agree (Fig. 1) with this supposition. Figure 2 shows that the anion-exchange 
film maintains the initial conditions for a relatively long time (150 hours). 
It is obvious that the increase of values of the potential is due to the 
diffusion of the electrolyte through nonpolar pores. This fact’ becomes 
possible only when the film loses, by swelling, its selective properties. 

According to what we have pointed out, it can be seen that the thick- 
ness of the film has very little influence on the behavior of the potential 
versus time diagram, obtained from electrodes coated by cation-exchange 
films (Fig. 1), whereas it appreciably modifies the curves obtained from 
electrodes coated with anion-exchange membranes. 

From the measurements reported, we may reach the conclusion that the 
selective properties of coating films have a remarkable influence upon the 
ionic exchange through the solution in contact with the electrode and the 
electrolytic solution. 

For iron the presence of rust deposits in the containers for test pieces C 
(cationic film) and the absence of corrosion products for the test pieces A 
(anionic film) confirm the suppositions formerly made on this subject. In 
the same way, the final surface conditions of the iron at the end of the test 


can be explained. 


644 ANTONIO NASINI AND GIORGIO OSTACOLI 


A visible anodic corrosion can be observed only on test pieces C; this 
fact can be related to the possibility that ferrous ions, forming at the anode, 
will migrate from the anodic zone by exchange with the moving ions existing 
in the neighborhood of the local piles. On the surfaces covered by anionic 
membranes, this possibility does not exist; the corrosion products are likely 
to remain in the zone where they have first formed. 

The potentials £1, H:,and the time necessary to reach the maximum value 
E;, point to a greater passivity for C than for A test pieces (Table ITI). 
At the end of the test, the values of £4 indicate, on the other hand, a greater 
passivity for test pieces A, according to the visual examination of the sur- 
face conditions. The values of the ‘‘time of contact” reported in Figs. 3, 4, 
and 5 show that the test pieces are all in the same condition and indicate 
the uniformity of the film tested. It is therefore obvious that the different 
behavior of the curves shown on the potential versus time diagrams is due 
to the selective action of the films. 

The differences observed can be referred to the hydrolytic effect of the 
ionic active layer. To make this effect noticeable it is necessary that, for a 
certain period of time, the concentration of ions having the same sign as the 
moving ones be greater in the external part of the film. This is not difficult 
to accept, even if the presence of the inert layer hinders the contact of the 
ion-selective film with the electrolytic solution in which the test piece is 
dipped. 

From the general trend of the curves in Fig. 4 and 5, one can see that 
the initial behavior of test pieces C can be considered similar to that of | 
test pieces I. It is therefore probable that the type of passivation observed | 
is similar in both cases. ll 

Crennel (12) has attributed the passivating effect of a varnish to the 
possibility that the accumulation of corrosion products on the metal 
surface makes the solution in contact with it alkaline. The passivating 
effect decreases with time because some corrosion products may, by a 
different mechanism, pass into the outer solution by exchanging with 
existing ions or salts. With test pieces C, ferrous ions exchange with mobile 
ions which are of opposite sign to the fixed ions, whereas with test pieces I, 
the exchange happens through nonpolar pores and in the presence of 
anions from the outer solution. 

From the value of E; (Table III), for samples C and I, we observe that 
the former, when closing the contact, show a greater passivity, as indicated 
by a more positive potential. From the general trend of the potential values 
immediately after the contact time, the hydrolytic effect of the cationic- 
exchange membranes, contributing to passivation, is confirmed. 

The hydrolytic effect, in the case of anion-exchange membranes, allows 
only a slow corrosion by the low pH (13) of the liquid penetrated through 
the membrane and in contact with the metal; in this case, then, we might 
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suppose that the outer anions penetrate the membrane exchanging with 
the inner mobile anions, leading to the formation of soluble ferrous salts 
and to a subsequent saturation of the inner solution. In such a way the 
corrosion of the metal is stopped by mass effect. By osmotic effect a larger 
amount of water may swell the membrane and, by the case, penetrate 
through it, leading eventually also to a decrease of the adhesion of the 
coating film to the metal surface, then causing blisters by deformation of 
the membrane, in accordance with the experiments of Kittelberger and 
Elm (14). 

It can be pointed out, too, that the corrosion phenomena observed upon 
test pieces I can be considered as intermediate between those from test 
pieces A and C. The anionic or cationic character of the film seems then to 
represent a limiting case in the protective action of a varnish film. As to 
the passivation of ferrous surfaces, the best results have been obtained 
with anion-exchange resins. 

As previously mentioned, the film coatings used in the present work are 
not those required for a good varnish, but have been chosen for the purpose 
of proving the protective effect of a perm-selective membrane in the 
limited case of the experiments here described. 


SUMMARY 


Measurements have been made of potential versus time for silver and 
iron electrodes coated, respectively , with films of polystyrene and chlorin- 
ated rubber activated with ion-exchange resins of the cationic and anionic 
types, immersed in solutions of different electrolytes. 

Upon silver electrodes coated with cation-selective films against solutions 
of AgNOs, potentials near the equilibrium value are reached in a few min- 
utes (15-20), whereas with anion-selective films the time required may 
reach 160 hours. 

Upon coated iron electrodes against “sea water” solution a large initial 
passivation may be observed with cation-selective films, whereas with 
anion-selective films the passivation effect predominates towards the end 
of the experiments that have lasted 22 months. 

Observation of the metal surfaces, made at the end of the experiments, 
has confirmed the deduction made from the potential measurements. 

The results have been discussed in terms of the concept that the coating 
film behaves as a membrane. 
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An investigation by H. Erkut (1) in this laboratory has shown that, of 
the insoluble colloidal metallic ferrocyanides, only the highly colored ferro- 
cyanides of copper and iron are catalysts for the decomposition of hydrogen 
peroxide in aqueous solution, and the copper compound is more active 
than the iron compound. There was considerable difficulty in obtaining 
stable colloidal solutions of these substances over wide ranges of pH, so 
that the present studies were made on the precipitates from equivalent 
quantities of salts in aqueous 0.2 N solutions mixed at 70°C. The precipi- 
tates were collected in a Biichner funnel, well washed with water at 70°C., 
dried in a vacuum desiccator over fused calcium choride, and passed though 
a 200 Tyler sieve. 

Through the courtesy of Professor Fahir Yenicgay and Miss Miieyyet of 
the Physics Department, electron microscope photographs of the finest 
particles from aqueous emulsion of the two preparations were made at 
24,000 magnification. The photographs show very clearly the colloidal 
nature of the particles. Preliminary experiments established that with a 
fixed mass of catalyst the velocity of the apparently unimolecular hetero- 
geneous catalytic reaction was constant at all stirring velocities above the 
minimum required to keep the particles in suspension at constant pH; the 
velocity was proportional to the mass of catalyst at constant pH and was 
very sensitive to the pH of the solution. 


I. Cupric FrERRocYANIDE (HatcHert’s Brown) 
Effect of pH on Reaction Velocity 


The velocity was followed by withdrawal at convenient time intervals 
of 10-ml. samples of the reaction mixture kept in a thermostat. These 
samples were run into 10 ml. of 10% sulfuric acid in an Erlenmeyer flask, 
followed by titration with V ml. of 0.025 N potassium permanganate. 
The pH was maintained by phosphate buffers (5-10). With an effective 
concentration of cupric ferrocyanide of 0.1 mg./ml. it was found necessary 
to leave the catalyst in contact with the buffer for 30 minutes before com- 
mencing the experiment to obtain linear log V versus time graphs. 
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Fie. 1. Electron microscope photograph (X 24,000) of Hatchetts’ brown 
(cupric ferrocyanide). 


Figure 3 shows the great effect of pH on the linear (i.e., apparently uni- 
molecular) log V versus time curves from pH 2 to 10 at 25.0°C. Similar 
linear results were obtained at 0°C. and 48°C. When the pH is kept above 
10 with phosphate buffers, or above 9 with borate buffers, the apparently 
unimolecular velocity increases with the diminution of concentration of 
H,02, but the overall velocity has continued to diminish as the pH increases 
above 9.7, and some color change was observed in the catalyst. Figure 4 is 
for borate buffers at 25°C. The onset of the effect is at a higher pH, the 
lower the temperature. 


Il. Errect or pH AND TEMPERATURE 


From all the results a curve was plotted for the logarithm of velocity 
constants (log k) versus pH. This is shown in Fig. 5. The lines are nearly 
parallel, but closer examination shows that the straight-line slope is pro- 
portional to the absolute temperature, 7’. Thus the reaction velocity may 
be represented by the equation, 


OF ep Ly 


login k = a — 7+ -? 
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blue 


Fie. 2. Electron microscope photograph (xX 24,000) of Prussian 
; (ferric ferrocyanide). 
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Fig. 3. The relation between the logarithm of the concentration of H,O: and time 
for 50 mg. of CusFe(CN). catalyst in 500 ml. solution from pH 2 to 10. 


650 F. H. CONSTABLE 


soe D 
+. en, pH = 10.25 
“ap or ox 


+. 
H=10,10-8X 
kale 


Time, minutes 
Fria. 4. Similar relation from pH 9 in borate buffer solution, showing retardation, 
and the commencement of the HO: ion reaction. 


0 


-2.0 
s 
-4.0 
-6.0 
2 4 6 8 10 
pH 
Fie. 5. The relation between logiok and the pH of the solution at 0°C., 25°C., 
and 48°C. 


where a, b, and ¢ are constants. With the use of the value 7.311 for a 
obtained by a plot of (logiok — c(pH)/T) against 1/7, it is possible to 
plot all the observations on one graph against pH in this form: 

T(a — logik) = b — c(pH). 
In this way the equation for the reaction velocity was obtained: 


ens Seer = ae sees 


fy 
for a mass of 50 mg. of heterogeneously suspended cupric ferrocyanide 
in aqueous hydrogen peroxide. Since it has been shown that the reaction 
velocity is proportional to the mass, the general equation becomes 
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login k = logis m + 5.612 — + aS pe 


in which the velocity constant k is obtained in units of di (logio C), time is 


in minutes, and m is in milligrams. C is H,O» concentration. 


III. Prussian Buve 


Similar experiments were made with Prussian blue. For the region of pH 
between 1.3 and 8.2, the experiments with 200 mg. of Prussian blue which 
has passed a 200 Tyler sieve gave 


3243 , 98.6pH 
f " (Me 
Thus if m is the mass of the catalyst in milligrams the equation becomes 


3243 , 98.6 (pH) 
ft 1 ie 


logio k = ello = 


login k = logi m+ 4.809 — + 


IV. Turnsuy’s Biuur 


With 200 mg. of catalyst the experimental work gave the equation 


3275 , 83.6pH 
logis k = 7.409 — > + SSPE 
or if m is the mass of the catalyst in milligrams 
3275 , 83.6pH 


logi k = logim + 5.108 — magi + oy pe 


V. Conclusion 


Of the three highly colored active complex cyanides, showing marked 
resonance effects, cupric ferrocyanide is the most sensitive to the pH of 
the solution, while Turnbull’s blue (ferrous ferricyanide) is the least sensi- 
tive. For each of these there is a definite range of pH in which the logarithm 
of the reaction velocity increases in a linear manner with pH. For each of 
the three there comes a pH at which the apparent monomolecular velocity 
increases with the dilution. This pH is sufficiently high to allow appreciable 
quantities of the ion of HO, in the solution, and it seems that the disturb- 
ing effect is due to this ion. At still higher pH values the catalysts are de- 
composed. It seems difficult to avoid the conclusion that the energy of 
activation for the decomposition falls with the pH of the solution in the 
range in which the linear relation exists between the logarithm of reaction 


velocity and pH. ee 
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tain Burhan Pekin (3), and Miss Ohanian (4) of Istanbul University, all 
of whom have taken part in some of the experimental work. 


VI. SUMMARY 
The catalytic activity of the highly colored supercomplex cyanides of 
copper and iron towards hydrogen peroxide in aqueous solution is summed 
up by the equations: 
1. Hatchett’s brown: 


login kb = logis m + 5.612 — ae wees A 


fie 
2. Prussian blue: 
logio = logio m + 4.809 — 3243 ni 98.6pH 
ii ie 
38. Turnbull’s blue: 
logi k = logiom + 5.108 — ae a 2 


Here k is the unimolecular velocity constant and the time, ¢, is expressed 
in minutes, m is the mass of catalyst in milligrams, T is the absolute tem- 
perature, and pH is —logio of the hydrogen ion concentration. The cata- 
lysts are arranged in order of their activity, and it is observed that the 
more active catalyst is more sensitive to a change of pH, and that the 
apparent activation energy falls with increase of pH in all cases. 
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ABSTRACT 


The vapor phase catalytic air oxidation of naphthalene was studied over various 
catalysts and in the presence of a large excess of oxygen. Over a catalyst of fairly 
regular shape made by fusing vanadium pentoxide into pellets, the progress of the 
reaction with time was investigated. Overall first-order rate constants obtained 
ranged from 0.56 sec. at 340°C. to 32.9 sec.— at 475°C., with an activation energy 
of 29 kg.-cal. 

Naphthoquinone, phthalic anhydride, and carbon dioxide were found to be formed 
from naphthalene in simultaneous reaction steps and in the approximate respective 
proportions of 0.4 to 0.4 to 0.2. Naphthoquinone underwent subsequent conversion 
to phthalic anhydride. 

This branching of the primary step was found to occur with various vanadium 
pentoxide catalysts, and the extent of branching was compared. 

For a fluidized vanadium pentoxide oxidation catalyst modified with a large 
content of potassium sulfate, a consecutive reaction mechanism was found to apply. 

In the fixed bed laboratory operation, mass transfer effects became significant 
only above 450°C. Below this temperature, rates were controlled by chemical reaction. 


I. INTRODUCTION 


The production of phthalic anhydride by the catalytic vapor phase 
oxidation of naphthalene has been known since 1917. Nowadays, it is car- 
ried out in numerous commercial plants, each of which can produce tens 
of millions of pounds of highly refined phthalic anhydride per year. 

Although the technical and patent literature of this reaction is rather 
extensive, very little fundamental work on its kinetics and mechanism has 
been published. It has been generally assumed (1) that the reaction follows 
a stepwise course leading successively to more highly oxidized products. 
In earlier presentation (2) of part of the present work, it was shown that 
the mechanism of the catalytic oxidation of naphthalene with certain cata- 
lysts involves branched reactions in which products oxidized to various 
degrees are formed simultaneously rather than in a stepwise sequence. 
Similar results were obtained by Calderbank (3) by measuring initial rates 
at very low conversions. 

* Present address: Houdry Process Corporation, Marcus Hook, Pa. 
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In extending the work to different catalysts, the relative rates of the 
simultaneous reactions were found to vary with the nature of the catalyst, 
and, in at least one instance, a truly consecutive reaction sequence was 
also observed. 

The purpose of this paper is to present the experimental data of these 
studies and to show how these data can be fitted into rate equations. 


Il. ExpERIMENTAL 


1. Apparatus and Mode of Operation 


The experiments were carried out in apparatus shown in Fig. 1 according 
to the following procedure: 

Filtered air at 330 liters per hour at room conditions was metered by a 
controlled pressure-drop, needle-valve assembly; measured by a rotameter; 
and passed through a 25-mm. coarse fritted glass disc at the bottom of 
vaporizer A. The vaporizer, containing molten naphthalene, was immersed 
in a bath thermostatically controlled to within 0.1°C. Another air stream 
joined the emerging air-naphthalene mixture at the top of the vaporizer, 
and the combined stream passed through the preheater section and into 


———ae 
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Fie. 1. Apparatus for the oxidation of naphthalene. 


CATALYTIC OXIDATION OF NAPHTHALENE 655 


the reactor. Thus the concentration of naphthalene was fixed by adjusting 
the ratio of the two air streams and the temperature of the bath. 

The reactor consisted of a 1-inch I.D. stainless steel tube fitted with an 
outer jacket containing liquid mercury, which was heated electrically. Re- 
action temperatures were controlled by adjusting the pressure of the carbon 
dioxide atmosphere maintained above the boiling mercury. 

The catalyst was supported on a perforated disc welded to the 14-inch 
O.D. thermowell assembly, which was attached to the reactor by a gasketed 
flange. The whole thermowell assembly was dropped for catalyst removal. 
Thermocouples were inserted in the thermowell to measure temperatures 
at points 2 cm. apart along the catalyst bed (slightly more than one point 
for every 10 mi. of catalyst charge). The average catalyst temperature was 
considered to be the arithmetical average of the temperatures measured at 
these points. 

In operation, gaseous products issued from the reactor through Valve B 
to waste until equilibrium temperatures were established, at which point 
a timed product sample was passed through Valve C’ and collected in the 
trapping system. This system consisted of an air-cooled trap, a dry ice- 
cooled trap filled with wire mesh, and a glass wool-filled trap to filter out 
entrained solids. 

The vaporizer was weighed before and after a full day’s operation. Yields 
were calculated on the basis of the proportional amount of naphthalene 
evaporated during the sampling time. 

The naphthalene concentration in the feed was kept low (about 0.28 
mole %) to avoid generation of excessive heat and to minimize steep tem- 
perature gradients in the catalyst zone. In this manner, the average cata- 
lyst temperature was usually kept within 3° of the nominal temperature, 
and was never more than 6° removed. A slight hot spot which developed in 
the catalyst bed was always within 10° of the nominal temperature. 

At the low naphthalene concentration used, oxygen was in large excess, 
the molar ratio of oxygen to naphthalene being about 75 to 1. The effect of 
oxygen partial pressure on the reaction rate thus was assumed to be con- 
stant, and was not considered in the treatment. 

Relatively high flow rates of 50-60 cm. per second were used to lessen 
mass transfer effects. (See Section ITI, 4.) 

For the experiments with the fluidized catalyst, the general procedure 
was the same, except that the reactor was replaced with a 2-inch I.D. 
Pyrex tube in which 150-700 ml. of the fluid catalyst was supported on a 
layer of sand. The tube was heated electrically without the provision of a 
heat transfer jacket. The reactants were introduced from the bottom at a 
flow rate sufficient to expand and “‘fluidize”’ the catalyst. 

In these runs, the naphthalene concentration in the feed was 0.6 mole % 
and the air rate 210 liters per hour. Because of the mixing caused by the 
fluidization, the temperature through the catalyst bed was uniform. 
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To prevent ‘“‘slugging”’ and by-passing of gas bubbles of reaction mixture, 
six 2-inch diameter discs of 50 mesh stainless steel screen were evenly 
spaced to form a baffling system in the catalyst bed. 


2. Materials 


The Barrett Division’s “Polar” brand refined naphthalene (melting point 
79.2°C. minimum) was used. 

Since catalytic reactions are quite specific, care was taken to prepare a 
vanadium pentoxide catalyst of regular shape and reproducible properties. 
This was done by drawing melted c.p. vanadium pentoxide into 6 mm. I.D. 
Pyrex glass tubing, in which it was allowed to solidify. After carefully 
breaking the glass tube, the oxide cylinders were sawed into pellets having 
an average length of 6.7 mm. This catalyst is designated as catalyst A. 
Although the greater part of the work reported was done with this catalyst, 
in general the results do not differ greatly from those obtained with com- 
mercial-type catalysts (vanadium pentoxide precipitated on an inactive 
refractory support). 

Catalyst B, prepared by the method of E. B. Punnett (4), in which 10% 
vanadium by weight was supported on ‘“‘Alundum” granules, was a com- 
mercial-type catalyst. 

Catalyst C was a 1g x 34-inch pelleted catalyst obtained from the Davi- 
son Chemical Company as Davison Grade 903. It contained 10% vanadium 
pentoxide and 23 % potassium sulfate supported on silica gel. 

Catalyst D was prepared by impregnating 4-8 mesh active alumina with 
8% by weight of vanadium pentoxide according to the method of Pun- 
nett (4). 

Catalyst E, a powdered catalyst (Code No. 202) supplied by the Davi- 
son Chemical Company, contained 10% vanadium pentoxide and 33% 
potassium sulfate on silica powder. This catalyst was screened to obtain 
the 150-210 yu size range, which was used in the fluidized catalyst ex- 
periments. 


3. Analytical Methods 


The reaction product in the sampling traps was washed out with acetone 
and diluted to a known volume. Total anhydride was determined by acid 
titration; maleic anhydride and naphthoquinone were measured by polar- 
ography (5). 

Phthalic anhydride was calculated as the difference between maleic an- 
hydride and total anhydride contents. 

After carbon monoxide had been converted to carbon dioxide in a com- 
bustion furnace, CO + CO, were determined in the gases issuing from the 
product traps by absorption in caustic. Formation of CO, is reported as » 
excess values over that formed in the reaction of naphthalene to phthalic 
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anhydride or maleic anhydride, and is expressed as per cent naphthalene 
undergoing complete combustion. 

Residual naphthalene was determined by difference and, in a few cases, 
by an ultraviolet absorption method. 


III. Resuuts anp Discussion 
Catalyst A 


The oxidation of naphthalene was carried out over Catalyst A at five 
nominal temperatures, 340°, 375°, 410°, 450°, and 475°C. Conversions 
were measured at constant mass velocity. The residence time was varied 
by changing the catalyst volume in 10-ml. increments. In each series of 
runs, the average catalyst temperature usually was maintained within 
3° of the nominal value. The maximum catalyst temperature in no case 
exceeded the average value by more than 7°. Experimental data are given 
in Table I. 

Figure 2 shows the decay of the naphthalene concentration as a function 
of the residence time at different temperatures, and is a plot of the logarithm 
of the fraction of the residual naphthalene against the residence time. The 
residence time is defined herein as the ratio of the catalyst void volume to 
the volume feed rate corrected to the temperature of the reactor. The 
reasonably straight-line relationship indicates that the consumption of 
naphthalene can be expressed by a first-order equation. First-order veloc- 
ity constants were calculated from the slopes of the lines according to the 
formula:’ 


In [Np]/[Npo] = —kt. [1] 


Here k differs from the specific rate constant by a factor for catalyst sur- 
face area per unit reactor volume, which is constant for a particular cata- 
lyst in a flow system, and by a factor for the oxygen partial pressure, which 
is also assumed to be constant. The rate constants are given in Table II. 

In Fig. 3, the Arrhenius plot of the logarithm of the rate constant against 
the reciprocal temperature is shown. The slope of this plot corresponds to an 
activation energy of 29 kg.-cal. 

Two typical sets of conversion curves showing the distribution of reaction 
products as a function of catalyst volume are reproduced in Figs. 4 and 5. 
Although the figures are for two different temperatures, the general shape 
of the curves is similar. The curves show the expected exponential decay 
of the naphthalene starting material with time. The curves for naphtho- 
quinone show a maximum, and indicate that reactions leading to its forma- 
tion and destruction are involved. A notable exception from the behavior 
of a consecutive reaction sequence, however, is the absence of a primary 
product (that is, the absence of a product that predominates at low con- 


1 All symbols are defined in Table VI. 
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TABLE I 
Experimental results, Catalyst A 
Catalyst Residence Reaction products, mole % of naphthalene 
Run no. volume, time 
(ml.) (sec.) Np PA | mA | Na | co: [| co 
ee Ses Ree Weer aae eoeenrer epee A 

Experiment 1. Nominal Temperature 340°C. 
1 10 .023 97.8 0.90 0) 0.84 0.30 0.12 
2 20 .048 97.35 1.42 0 0.92 0.29 0.11 
3 30 .073 96.0 Pasi 0 0.78 0.59 0.39 
4 40 .096 95.3 2.69 0 0.98 0.68 0.33 
5 50 lili 94.7 2.99 0 il 334 0.68 0.33 
6 57 .135 93.0 BoA 0 1.50 1.08 0.73 

Experiment 2. Nominal Temperature 375°C. 
7 30 .069 91.2 4.24 0 3.09 1.06 0.43 
8 40 .090 85.4 9.83 0 4.25 0.28 0.27 
9 60 .144 86.7 7.30 45 3.80 1.40 233) 
10 80 .182 64.0 25.9 1.30 3.87 3.83 1.20 
11 100 244 61.4 28.1 2.29 4.07 2.66 1°53 

Experiment 8. Nominal Temperature 410°C. 
12 20 .044 75.4 11} 0 6.74 1.95 0.68 
13 30 .065 58.0 31.8 2.03 4.41 Pret? 1.08 
14 40 .086 51.0 35.9 isa! 5.51 3.28 0.94 
15 60 .130 40.2 45.5 2.88 5.00 4.69 lesieesi 
16 80 alli Sies 52.7 3.56 ue 119) 6.62 1.93 
17 100 217 Ve 66.6 4.96 3.09 4.65 2.96 

Experiment 4. Nominal Temperature 450°C. 
18 10 .021 57.3 31.8 1.98 4.79 1.95 2.02 
19 20 .042 42.0 48.2 2.63 4.05 1.58 1.58 
20 30 061 26.2 61.2 4.10 4.00 2.40 2e10) 
21 40 .082 MBS 66.3 4.72 3.74 0.36 1.44 

Experiment 5. Nominal Temperature 475°C. 
22 10 .020 45.4 42.0 2.36 6.48 1.65 2.16 
23 20 .040 29.5 60.1 3.61 4.88 0.84 1.09 
24 30 .050 7/083 70.5 4.52 4.22 1) Ss QELS 


versions but that decreases while the secondary products increase in con- 
centration as the reaction progresses). The fact that phthalic anhydride 
concentration is larger than the naphthoquinone concentration even at the 
lowest conversions measured indicates that phthalic anhydride is not 
formed exclusively through naphthoquinone as an intermediate. 
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7) .04 .08 ae 16 .20 .24 .28 
Seconds 


_ Fia. 2. Comparison of experimental points with first-order 
naphthalene consumption. 


TABLE II 
Overall Oxidation Rates over Catalyst A 
Temperature (°C.) k (sec.-) 
340 0.56 
375 1.70 
410 7.36 
450 20.4 
475 32.9 


The absence of a primary product is shown in another way in Fig. 6 
in which the product yields based on the naphthalene attacked are plotted 
as a function of the conversion. Experimental points for all the tempera- 
tures used are included on the same plot. Extrapolation to zero conversion 
shows the distribution of products formed in the initial stages of the reac- 
tion. Again it is obvious that no single product predominates at low con- 
version. From the intercepts on the product yield ordinate, it appears that 
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Fig. 3. Variation of rate constant with temperature for catalyst A. 


Catalyst volume, ml. 
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Fig. 4. Conversion curves for catalyst A at 410°C. 


there is a branching of the primary reaction step into three simultaneous 
reactions that form phthalic anhydride, naphthoquinone, and carbon 
oxides in the approximate, respective proportions 0.4:0.4:0.2. Naphtho- 
quinone undergoes further oxidation as indicated by the decrease in naph- 
thoquinone concentration in the product with extent of attack. 

The experimental points for the combined CO + CO, curve were not 
inserted to avoid possible confusion with those for naphthoquinone. In- 
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Fie. 6. Percentage in total product. Variation with per cent conversion. 


cluding data for different temperatures in a plot of this kind is not correct 
unless the temperature coefficients of the individual steps are similar. 
Since the carbon oxides showed a tendency to decrease with increasing 
conversion, the temperature coefficient for CO + CO, formation apparently 
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is lower than that for the other reaction steps.’ Of the identified products, 
only maleic anhydride acts as a true secondary product by forming zero 
per cent of the products at zero conversion. 

Any attempt to characterize a reaction scheme for this oxidation, there- 
fore, must involve both consecutive and simultaneous reactions. Although a 
completely rigorous treatment for so complex a reaction is impossible, the 
following approximations are of interest. 

If, for simplicity, those products more highly oxidized than the desired 
product, viz., maleic anhydride, CO, and CO, are grouped together and 
designated as COs, the reaction may be considered to follow a scheme such 
as this: 


Naphthalene is consumed by three simultaneous reactions. A path is pro- 
vided for the further oxidation of naphthoquinone and phthalic anhydride 
to each successively more oxidized stage. Such a scheme is necessarily 
true, but is trivial if the constants are allowed to have any value including 
zero. It is desirable to solve for values of the constants which will give 
agreement with the experimental data. 

On the assumption of first-order reaction steps, the set of differential 
equations that govern the concentrations of each chemical species with time 
are: 


d [Np]/dt = —(ki + ke + ks) [Np] 

d [Nq]/dt = ki [Np] — (ks + ke) [Nq] 

d [PA]/dt = ke [Np] + ks [Nq] — ks [PA] 
d [(CO.]|/dt = ks [Np] + ke [Na] + ks [PA] 


Even with the simplifying assumptions that have been made, analytic 
solutions for these differential equations, beyond the expressions for 
naphthalene and naphthoquinone, become unwieldy. If, however, values 
for the constants are assumed in advance and inserted, the equations become 


* The decrease in the relative amount of CO + COs in the reaction product as the 
conversion is increased by raising the temperature is surprising. This decrease is due 
either to a lower temperature coefficient for the reaction step or steps leading to 
complete combustion, or to a change in the catalyst with increasing temperature. 
This change may be a shift in the steady-state concentrations of the various oxides 
of vanadium in the catalyst under the reaction conditions, the proportions of which 
depend on temperature and composition of reacting gases. 


CATALYTIC OXIDATION OF NAPHTHALENE 663 


TABLE III 


Relative Values of the Rate Constants and Solutions of Rate Equations for Oxidation 
over Catalyst A 


Case 1 Case 2 
ky 0.45 0.45 
ke 0.45 0.45 
ks 0.10 0.10 
kg 7.50 2.00 
ks 0.04 0.02 
ke 2.50 OF25 
Np Npve-? Npve>? 
Nq 0.05 Npo(e~* — e710) 0.36 Npo(e-* — e-2-25¢) 
PA Npo(—0.859e~* + 0.0377-1°t = Npo(—1.194e-* +. 0.323¢-2-25! 
+ 0.822¢-0-04¢) + 0.871e~9-02¢) 
MA + CO-+ CO, Np. — Np — Nq — PA Np. — Np — Nq — PA 


much more tractable and may be solved easily by the use of “operational 
methods” (6). The sum of the constants ky , ke , and k; is equal to the meas- 
ured overall rate constant. Since the constants have already been shown to 
be in the approximate proportions of 0.4:0.4:0.2, it is necessary only to 
select relative values for the remaining rate constants, ky, ks, and ke, to 
test the validity of the branching mechanism. 

Two sets of values for the latter constants were assumed. These values 
together with the solutions for the integrated rate expressions for the prod- 
_ ucts are given in Table III. The plots of these functions produce synthetic 
conversion curves (Figs. 7 and 8) which resemble the curves obtained from 
the experimental data.’ The naphthoquinone curve falls below the phthalic 
anhydride curve and does not cut it at any point. However, the fit is not 
exact. The naphthoquinone maximum is too low in one case and too high 
in the other. Further adjustment of the three unknown constants could 
yield a better match. 

Because the concentration of CO plus COQ, in the product does-not in- 
crease with conversion, the carbon oxides must be formed only by branched 
(simultaneous) steps. The concentration of maleic anhydride in the prod- 
uct does increase with conversion; therefore, it is improper to group these 
three products together. A better reaction scheme would be: 

pase 
hi ks 
\ 
A Ey 


CO + CO, 


3 For simplicity, relative rate constants for the reaction steps have been used in 
the integration rather than absolute values. The integrated rate expressions, there- 
fore, involve relative rather than absolute values of the product concentrations. This 
procedure is valid for the purpose of comparing shapes of conversion curves. 
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Fria. 7. Calculated conversion curves for Case 1. 
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Fig. 8. Calculated conversion curves for Case 2. 


The adjustment of only two constants, ky and ks , should give much better 
agreement with the experimental curves. 


2. Other Fixed Bed Catalysts 


In the oxidation over catalyst A, the formation of CO + CO, through a 
simultaneous reaction from the starting naphthalene was the most serious 
limiting factor in realizing high conversions of the desired product, phthalic 
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Fig. 9. Initial products for various catalysts. 


anhydride. Therefore, the behavior of the reaction at low conversions was 
investigated for three other catalysts to determine the influence of the 
branching of the primary step. Again the results were plotted as yield 
based on naphthalene converted versus conversion, and were extrapolated 
to zero conversion. These plots are shown in Fig. 9. 

For catalyst B, which was a granular Alundum-supported vanadium 
pentoxide catalyst, the curves look almost identical to those for the pel- 
leted catalyst A. The same type of branching of the initial reaction step 
applies, and the formation of phthalic anhydride, naphthoquinone, and 
CO + CO; occurs at the approximate relative rates of 0.5:0.4:0.1. 

With catalyst C, really low conversions were not achieved, but it appears 
that here, for the first time, the naphthoquinone and phthalic anhydride 
curves cross. The phthalic anhydride, therefore, is formed at least partially 
through naphthoquinone. The relative rate of naphthoquinone consump- 
tion is lower than that for the previously investigated catalysts. The 
CO + CO: curve again does not appear to increase with conversion, and, 
therefore, suggests that these materials form only through simultaneous 
steps. The CO + CO curve is lower, however, with only about 7.5% of 
the naphthalene reacting along the branch to complete combustion. 

In the case of catalyst D (vanadium pentoxide impregnated on y- 
alumina), the maximum yield obtainable for phthalic anhydride is limited 
both by branching of the primary step to form CO and CQ, and by subse- 
quent combustion of the intermediate products. This conclusion follows 
from the observation that the CO + COs, curve cuts the ordinate at about 
20% of total products and increases rapidly with extent of conversion. 
It is obvious that catalyst D would not form a good practical catalyst for 


phthalic anhydride production. 
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TABLE IV 


Experimental Results, Catalyst E 
Temperature 314°C. 


Residence time, sec. 0.261 0.605 1.214 
Conversions, mole % 
PA 43.5 72.2 89.2 
Nq 16.0 5.0 Dal 
MA 1.5 lee 2.4 
CO + CO: 1.5 il 5.4 
Total 62.5 80.0 98.8 
Naphthalene unreacted, % 37.5 20.0 1.2 


8. Flutdized Catalyst 


The oxidation of naphthalene was carried out also with a fluidized cata- 
lyst, catalyst E. The residence time was varied by varying the catalyst 
volume from 150 to 700 ml. The naphthalene content of the feed mixture 
was 0.60-0.63 mole % in an air stream of 210 liters per hour. The results 
obtained at 314°C. are summarized in Table IV. 

The data in this instance, though scant, can be represented by a sequence 
of first-order reactions: 


ke ks 
—— 


Np es Nowe CO, 


where CO, now denotes the sum of maleic anhydride, carbon monoxide, 
and carbon dioxide. 

The differential equations involved in consecutive reactions of this type 
can be integrated by the usual methods to give: 


[Np] = [Npde*’ [3] 
[Ng] = py Neat — i 
[PA] = (Np 


1 =a} —kat rat —kgt 
5 eer Ma eM) — A (e at ne | 
[CO.] = [Npol — [Np] — [Nq] — [PA] [6] 


The values of the constants k; and ky can be determined from Eq. [8] 
and from the maximum value for naphthoquinone (Nqmax) that is given by: 


ky ke kolk\—ko ke nob) 


iN gf eee ae re (% 2s (7 


ky ad ke ky ky 


Since ke turns out to be much larger than k, , the second reaction step 
can be omitted temporarily for the estimation of k;. The value of kz can 
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Fre. 10. Conversion curves for catalyst EB. 


then be calculated from an expression for [PA]max Which is identical to 
Eq. [7]. 
On this basis, the following values of the velocity constants were chosen: 

ky = 2.78 sec. ’; 

ke = 11.12 sec.'; 

ks = 0.08 sec.?. 
With these constants, the values for phthalic anhydride, naphthoquinone, 
the sum of maleic anhydride, carbon monoxide, and carbon dioxide, and 
unattacked naphthalene were calculated as a function of time. The values 
thus obtained are represented in Fig. 10. The experimental points are 
plotted on the same figure. Comparison with the calculated conversion 
curves shows satisfactory agreement. 

4. Role of Mass Transport 


Since catalytic oxidations are very rapid reactions, it is not necessarily 
true that the mass transfer is sufficiently fast to supply reactants to the 
catalyst, with the result that the measured reaction rates may be more or 
less controlled by the transport phenomena. 

The mass transport in catalytic reactions can occur by the following 
processes: 

a. Knudsen diffusion in the fine pores of the catalyst. 

b. Surface diffusion on the catalyst. 

c. Eddy diffusion in the gas phase caused by turbulence. 

d. Molecular diffusion in the gas phase. 
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In the present consideration, calculations will be made for catalyst A. 
Process a will be disregarded because of the rapidity of the reaction and the 
absence of fine pores in the pelleted catalyst A. Furthermore, for simplifi- 
cation, the surface diffusion on the catalyst (process (b)) is assumed to be 
sufficiently rapid compared to diffusion processes in the gas phase. Conse- 
quently, the primary purpose will be to estimate the diffusional processes 
(c) and (d) as compared to the rate of reaction. 

For this discussion, use will be made of the concepts of height of trans- 
fer unit (H,), height of catalytic unit (H.), and height of reactor unit (H,), 
defined by D. M. Hurt (7) as follows: 


—dy/dZ = 1/Hily — ) [3] 
—dy/dZ = 1/H.y: — y*) [9] 
—dy/dZ = 1/H,(y — y*) [10] 


where Z is the height of the packed bed and y, y:, and y* are the mole 
fractions of reacting gas in the gas stream, at the gas-solid interface, and 
in equilibrium, respectively. In the case of naphthalene oxidation, y 
refers to naphthalene and y* = 0. 

For a first-order reaction, these various heights are connected by the 
relation: 


A= "Hs Tye: [11] 
Integrating Eq. [10] and comparing with Eq. [1] gives: 
In Np/Npo = Z/H, = —kt. [12] 


Thus H, is the height of catalyst bed required to reduce the naphthalene 
to 1/e of its original concentration; H, can be determined from the attack 
(Np/Npo) and the bed depth by using formula [12]. 

The value of H, will now be calculated to determine the contribution it 
makes to H, (8). Chilton and Coburn (9) have expressed H; in terms of the 
mass transfer characteristics: 


Hy = 1/Ja(u/pD»)”, [13] 


where a, is the surface area of the catalyst in unit reactor volume. The mass 
transfer factor, ja, is a function of the modified Reynolds number. Wilke 
and Hougen (10) have recommended: 


ja = 1.82(DpG/u)"™", — (DyG/u < 350). (14] 


Here D, is the diameter of a sphere which has the same surface area as an 
average particle in the bed—in this case, a 6.0 by 6.7 mm. cylinder. 
Using Eqs. [13] and [14], the height of the transfer unit was calculated 
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TABLE V 
Calculation of Heights of Transfer and Reactor Units 


a 


Temperature (°C.) 
ee EN ee ae 
340 375 410 450 475 
Ds 0.219(9, 10) 0.307(11, 12) cm.? sec.-1 
Be 0.000307 0.000352 g. cm.! sec. 
p 0.000576 0.000471 g.cm.-3 
Dp 0.763 0.763 cm, 
G 0.357 0.357 g.cm.-? sec.—! 
Ay 5.30 5.30 em.~! 
Ja 0.185 0.198 dimensionless 
H, 280.0 62.5 | 15.2 | 5.3 3.8 cm. 
A, 1.84 1.72 cm. 
Oe ee eee 
TABLE VI 


Definition of Symbols 


Np Naphthalene 

Np. Naphthalene concentration at start of reaction 
PA Phthalic anhydride 

MA  Maleic anhydride 

Nq Naphthoquinone 


k Overall reaction rate constant, sec. 
kn Reaction rate constant for reaction n 
t Residence time, sec. 


T Temperature, °K. 

H, Height of reactor unit, cm. 

A. Height of catalytic unit, cm. 

HA, Height of transfer unit, cm. 

Z Height of catalyst bed, cm. 

Ay Surface area per unit vol. of catalyst, cm.— 
Viscosity, g. em.—! sec.) 


Ls 

p Density of reaction mixture, g. cm.~3 

D, Diffusivity, cm.? sec.“} 

Ja Mass transfer factor, dimensionless 

Ds Diameter of sphere with surface area of average catalyst particle, cm. 
G Mass velocity, g. cm.~? sec.“ 


for 340°C. and for 475°C. (the temperature range in which the naphtha- 
lene oxidation was studied over catalyst A). The values used for the phys- 
ical properties and the results calculated for H, and H; are shown in Table 
V. From these results, the reactor height appears to be sufficiently larger 
than the transfer height, at least below 450°C. The measured rates, there- 
fore, correspond to the chemical reaction rates below this temperature, 
but, above 450°C. mass transfer phenomena begin to make a significant 


contribution. 
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The molecular interpretation of the frequency dependence of molar 
polarization has been based largely upon Debye’s treatment. This en- 
visages a rigid spherical polar molecule having one relaxation time pro- 
portional to the macroscopic viscosity of the medium. Even for dilute solu- 
tions extensions of this treatment have been made to embrace nonspherical 
molecules, distributions of relaxation times, and the evaluation of the cor- 
rect form of the viscosity factor (1). The particular concern of the present 
study is the influence of nonrigidity in the polar molecule. This factor has 
already received consideration both in theoretical terms (2) and in experi- 
mental accounts (3). 

_ According to Budé the effective relaxation time of a molecule with a 
freely rotating polar group can be expressed as follows: 


2 2 2 
, Mr 

Tote (#) Tp (4) pete ( Up 
bi B be 


Here wy and yy are the fixed components of the moment in the direction 
of the axis of internal rotation and in the plane perpendicular to that 
axis, and yu, is the component of the rotating moment also in the plane 
perpendicular to the axis. 7;, 7;, and 7, are associated relaxation times 
and w= ws + uy” + wu. In general, u ~ pons. The value ers is clearly a 
weighted mean relaxation time whose particular significance is that it can 
reasonably be expected to correspond to the relaxation time deduced on 
the assumption that the absorption measured at an appreciable interval 
from the individual frequencies is of a simple Debye type. This assumption 
is implicit in published experimental assessments of these cases. In simple 
instances where the direction of the fixed component of the moment coin- 
cides with the intramolecular rotational axis, the above equation becomes 


2 2 
mM 
Totti saa (2 Tf ore (=) Tr y 
a 
1 Permanent address: Shinshu University, Agata-machi, Matsumoto, Japan. 


2 Member of Colloid Science Laboratory, 1935-38. 
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whence, in the condition 7, < 7;, one finds that ze: will be less than the 
value expected for a rigid structure, which would be approximately Th 
This provides the qualitative criterion for detecting nonrigidity in a polar 
molecule. 

Particular interest attaches to such structures as the para-derivatives of 
benzene when the two substituents are identical. In these cases uy = 
us = 0 and Budd’s equation becomes 


2 
tise) = 2 @ Tr- 
m 


For freely rotating groups u, = u/+/2, so that ret = 7. However, 7, does 
not itself give the relaxation time (7,) arising from the rotation of the 
polar group. The further relation 
2 1 1 
=—+ 


Tr i T9 


is involved. Here, as previously, ry’, is the relaxation time expected for the 
molecule if it merely had a rigid moment perpendicular to the axis of 
rotation; it can be estimated from the 7 values for rigid molecules having 
nearly the same size and shape as those being considered. Proceeding 
along these lines both Hase and Fischer have evaluated 7, in a number of 
cases; when its value agrees approximately with the relaxation time an- 
ticipated for a free rigid molecule of the same size as the rotating group, 
it is concluded that the latter suffers no hindrance within the molecule. 
Values of 7, appreciably larger than those estimated from its size are taken — 
to indicate hindered rotation. Budé has also examined such cases theoreti- 
cally (2c). 


EXPERIMENTAL 


All the absorption measurements reported were made over the range 
3 X 10*1 X 10° cycles per second (= 100 Me. per second) with a Hart- 
shorn-Ward apparatus; this measures the loss tangent (tan 6 = ¢”’/e’) in 
terms of the capacitance increment (AC) corresponding to the half-width 
of the voltage-resonance curve of the cell-containing circuit (4). Amongst 
the checks on its performance we can report the following observations. At 
each of eight frequencies between 0.2 and 50 Me. per second the half- 
widths for air in the capacitance cell varied by no more than 2% when 
measured over intervals of weeks; for the small solution loss factor of tan 
j= 1 x 10 “at-70 Me: per second, AC (solution) became 0.837 puf com- 
pared with AC (air) = 0.667 yuf. Small loss factors up to 100 Me. per second 
for a transformer oil agreed within a few per cent with measurements at 
the N.P.L. 


For solutions, the loss factor (if any) of the solvent at the same frequency 
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TABLE I 
Dielectric Properties of Solvent Xylene at 16°C. 

f in Me. per sec. 69.8 13.7 6.75 3.07 1.36 0.646 
€ 2.38 2.36 2.36 2.30 2.38 2.38 
103 X tan 6 0.08 0.06 0.03 0.04 0.01 0.05 

0.350 0.192 0.113 

2.37 2.38 2.38 

0.06 0.04 0.09 


must be subtracted in deducing that for the solute. Benzene and tetra- 
chloroethylene were found (as expected) to have zero loss. For dioxane at 
70 Me per second the value of tan 6 was less than 0.05 X 107°. For the 
solvent xylene (mostly meta-) slightly varying values of tan 6 were found 
for different preparations; a typical sequence is quoted in Table I. Litera- 
ture values of ¢’ for xylene are 2.57 (ortho), 2.37 (meta), and 2.27 (para), 
all at 20°C. In comparison, a 1.0 M phenol solution in xylene has 10° x 
tan 6 = 2.00 at 70 Mc per second. 

Our general procedure was checked by measuring a number of solutes of 
known relaxation times. In dilute solutions both the Debye and Onsager 
equations become (la) 


a (e + 2)? 4arsw wT 
RY imme orem sae? 


where ¢’ is the permittivity of the medium, s the number of polar molecules 
per cubic centimeter, w the angular frequency (w = 2zf), and + the relaxa- 
tion time. When wz < 1, this relation reduces to 


_ tand 6750 kT | é 
bir Geer & wNyp?  (e’ + 2)?’ 

where N = Avogadro’s number and ¢ is the molar concentration. The 
constancy of tan 6/w for a particular solution provides a simple test of the 
applicability of the Debye equations, and from its value 7 may be calcu- 
lated. Table II shows some results for a benzophenone solution. 

Using a mean value tan 6/w = 12.4 X 10°” and » = 3.00 D we find 
7 = 16.7 X 10°” sec. This is in excellent agreement with Jackson and 
Powles’s value for the same solute in benzene, 7 = 16.4 X 10 ” sec. at 
19°C., which is one of the most precise values in the literature (5). The 


TABLE II 
1.34 M Benzophenone in Xylene at 18°C. 
f in Mc./sec. 69.8 28.5 Neate 6.75 3.07 
é 3.82 2.82 2.82 2.82 2.82 
10? X tan 6 5.50 2.16 1.07 0.52 0.29 
102 X& tan 6/w 12.6 12:1 12.4 12:3 15.0 
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centipoise values of the viscosities at 21°C. are 9 (benzene)/n (xylene) = 
0.638/0.650. Similar comparisons are contained in later tables. 

As ¢ is measured to within 2% and its value is usually of the order of 
3, no significant error arises in the factor ¢’/(e’ + 2)’, so that apart from 
variations in tan 6/wc, the only other appreciable uncertainty in the Tes 
values obtained in this way arises from uncertainty in u. When values have 
to be transferred from another (similar) solvent, this uncertainty may 
amount to a few per cent, and rt « (1/ ae 

Unless otherwise mentioned all the dipole moment data not determined 
by ourselves have been taken from Wesson’s tables (6). They are invariably 
given in Debye units. In a number of instances we have had to estimate u 
for ourselves: 

1. From measurements on a pure liquid, for which the appropriate 
Onsager equations (1a) are: 


2 9kT (ec! — me) (Qe + Ne’) | 
4ars (nic ama 


7 = (tan 6/w):e/(e’ — ne). 


s is the number of molecules per cubic centimeter and for 7. , the np value 
has been used. 

2. From Higashi’s form of the Debye equation for dilute solutions (7) 
which, for xylene at 20°C., reduces to » = 0.96 X 10° (Ae’/x)"””. Here 
Ae’ = € (solution) — ¢’ (solvent) and z is the mole fraction of solute whose 
moment is u. Dipole moments estimated in these ways are given in Tables 
III and IV, where comparison is made in some instances with previous 
values; they are usually correct to 5% or 10%. 

Measurements were normally made at room temperatures; these are 
recorded in the tables. Some few measurements were made in an auxiliary 
cell which could be kept at lower temperatures, but its useful range was 
limited to below 20 Me. per second. 

It must be noted that many of the dipole moments we have perforce 
used involve a more general uncertainty in the correction for the atomic 
polarization term. An abnormally large atomic polarization term such as 
might arise in nonrigid molecular structures would have the effect of mak- 
ing the dipole moment value—from the usual radiowave data—larger than 
that appropriate for the above equations. This itself would make our Teff 
values smaller than they should be. Thus we must envisage two by no means 
mutually exclusive conditions leading to ters < Trigia ; (1) the presence of 
Tr < Trigia IN the absorption relations for the meter-wave region; (2) a 
contribution from a much higher frequency “atomic polarization”? term 
whose immediate effect in our results is to make mw (experimental) > yu 
(rigid). The qualitative result and interpretation is the same in either case, 
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i.e., the high frequency flexibility of the molecule—but only for case (1) 
does the Fischer-Budo treatment of the data apply. Further consideration 
of these factors is included in the discussion of relevant cases. 

If we assume the applicability of the Pellat-Debye equations, our relaxa- 
tion times should represent re; to within 20 %. 


Materials 


All chemicals, unless of Analar grade, were purified before use and their 
m.p.’s or b.p.’s checked against literature values. Some particular treat- 
ments should be mentioned. Solvent xylene (mostly meta) was shaken 
mechanically with concentrated H2SO., washed with alkali and water, 
dried (CaSO,) and the fraction distilling 138-140°C. used. An air stream 
was passed for 6-8 hours through dioxane treated with concentrated HCl 
to oxidize aldehyde impurities. After preliminary drying (Na,CO;, CaSO,) 
it was kept over sodium before a final distillation. 

Di-n-butyl terephthalate prepared from the acid and alcohol distilled 
at 211—212°C./18 mm. p-Phenylenediamine was first distilled at 18 mm. 
and recrystallized from CHCl; m.p. 130°C. (lit. 139.7°C.). Terephthaloy] 
chloride, recrystallized from Analar petroleum ether, had m.p. 83°C. 
(lit. 78°C.). Triphenylmethy] chloride prepared by passing dry HCl gas 
into a boiling benzene solution of the carbinol and subsequently recrystal- 
lizing from petroleum ether had m.p. 108-110°C. (lit. 109-112°C.). 


RESULTS 


The tables summarize the observations made. The rer: values are deduced 
from the mean values of tan 6/w-c and a generous indication of the varia- 
tion in this factor is appended to the figures quoted. The uncertainty is 
greatest in those cases where low solubility or small 7 values lead to tan 6 
values below 0.50 X 10°. Again, the equations used assume that the 
solutions are sufficiently dilute to eliminate solute-solute interactions. 
This has been confirmed for many cases by the proportionality of (tan 
6/w) to concentration; in other instances, notably the phenols and some 
amines, obvious concentration variation showed the influence of associa- 
tion. These instances have been detailed and will be further discussed. The 
abbreviations, xyl. = xylene; teth. = tetrachloroethylene; diox. = p- 
dioxane; benz. = benzene; liq. = pure liquid; O = Onsager’s equations; 
H = Higashi’s equations; are used. The unit for r values is 10°” sec. 


DISCUSSION 


Two methods are available for assessing the rigidity of these molecules 
from their 7.s; values. Firstly, the res; values may be compared with those of 
similar rigid molecules—preferably in the same solvent. Most such measure- 
ments have been made in benzene (1c); fortunately, as we have confirmed, 
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TABLE III 
Solute Solvent Tee bs ae 10!2 X rege (sec.) Observations 
1,4-Dimethoxy- xyl. 15 | 1.70] 6.3 + 0.4 
benzene teth. 18 | 1.70] 8.3 + 0.8 
diox. IZ || thag@ 9 
aa’ - Dichloro - p - | xyl. 18 | 2.17 54? Very small tan 6 for 
xylene 0.4M solution 
Dimethylterephthal- | xyl. 19 | 2.2 144 3 0.11 solution; low 
ate solubility 
Diethylterephthalate | xyl. 16 | 2.3 27.6 Uncertainty 
Diethylterephthalate | teth. 18 | 2.3 444+ 1 determined by uz 
Diethyl-o-phthalate xyl. 15 |?2368)|' 1229) Ea 
Diethyl-o-phthalate | teth. 18 |. 2.683) 16 21gs-o 
Diethyl-o-phthalate | liq. 22) 5220 104 + 3 é’ ee = 7.84; 4 and + 
rom 
Diethyl-o-phthalate liq. —15 | 2.6 760 + 40 
Di - n - butyltereph- | xyl. 18 | 2.3 54 + 3 pw = 2.2 from H 
thalate 
Di - n - butyltereph- | teth. 19 | 2.3 69 + 3 
thalate 
Di - n - butyltereph- | liq. 19 | 2.48 | 640 + 15 | é’ (obs.) = 5.824 andr 
thalate from 
Terephthaloyl chlo- | xyl. 18 | 0.90 12+? uw = 1.0 from H; un = 0.92 
ride for oxalyl chloride. 
Very small tan 6’s for 
1.25M 
Triphenyl carbinol benz. 20) 2a li +1 
diox. 21 | 2.11 17 +1 
Triphenylmethyl xyl. 19 | 1.95 62 + 2 
chloride 
Dimethyloxalate xyl. Ziale220 3.8 + 0.5 | » from H 
Diethyloxalate xyl. 22 | 2.49) 4.4 + 0.4 
liq. 24 | 2.41 | 12.3 + 0.5 | e’ (obs.) = 8.80; 4 and 7 
from O 
Ethylacetate liq. 22 | 1.77 | 5.2 + 0.5 | ¢’ (obs.) = 6.20; 4 and + 
from O 
Methylcyclohexane liq. 21 | No loss from 0.1 | ¢’ = 2.08 
to 70 Me./sec. 
Cyclohexene liq. 21 | 0.61 _— e = 2:25; p» = 0:36 
from O 
Cyclohexanone xyl. 16 | 2.75 | 5.3 = 0.3 
o-Methyleyclo- xyl. 22A(2e8)9|) S16 Se O83 
hexanone 
o-Methyleyclo- liq. 23 | 2.99 13 2-2 e = 14.05; mw and + 
hexanone from 
1,4-Cyclohexanedione] xyl. 22 | 1.29 — At 0.82M@ tan 6 (solu- 
tion) showed negligi- 
ble increase from sol- 
vent. w(apparent) = 
; 1.2 from 
Cyclohexylamine xyl. 22h les2) | lA 2raeee Very small tan 6 for 
1.87M 
liq. 22 | 1.40) 5.2 + 0.5 | é’(obs.) = 4.57; 4 and + 
, : from O 
Nitromesitylene xyl. 22 | 3.65 | 15.5 + 0.4 
Benzil xyl. 21 | 3.76 | 22.3 + 1 
o-Methoxymethy] xyl. 20 | 2.4 16 uw from H 
benzoate 
o-Methoxymethyl Nujol 20 | 2.4 250 + 40 


benzoate 


RELAXATION TIMES OF NONRIGID POLAR MOLECULES 677 
TABLE IV 
Solute Solvent Tem : poe 102 X (tand/wc) Observations 
Phenol xyl. 20 | 1.75} 6.1 + 0.1] From extrapolated 
Phenol xyl. 21 | 0.972} 4.34 + 0.08! value 2.30 at c = 0 
Phenol xyl. 21 0.61] 3.67 + 0.15} andyz (benz.) = 1.70, 
7= 143+ 1.0. 
Phenol teth. | 21 | 1.70] 7.2 +0.1]| From extrapolated 
Pheno! teth. | 22 | 0.793) 3.8 + 0.4 value 0.92 at c = 0 
and w (CCl) = 1.41, 
r= 8541. 
3,5-Dimethylphenol | xy]. 20 | 1.45] 11.1 + 0.4] From extrapolated 
3,5-Dimethylphenol | xyl. 22 |1.05| 8.4 + 0.2 value 2.30 at c = 0 
3,5-Dimethylphenol | xyl. 22 |0.50| 5.4 + 0.2 and w» (assumed) = 
3,5-Dimethylphenol | xyl. 22 | 0.319) 4.2 + 0.3 1.70, 7 = 14.3 + 0.6. 
2,6-Dimethylphenol | xyl. 20 | 1.50} 0.75 + 0.10] Using » = 1.36 (mesi- 
tol), 7 = 741. 
2,6-Dimethoxy- xyl. 21 | 1.09) 7.8 + 0.2 | = 2.5 from H leads 
phenol tor = 21. 
2,6-Dinitrophenol xyl. 22 | 0.87 | 17.7 + 0.5 | Using 18.0 and p = 3.5 
2,6-Dinitrophenol xyl. 20 | 0.62) 18.5 + 0.5 from Hinz, =925) 
Picric acid xyl. 23 | 0.32) 6.9 + 0.6] From pw = 1.75 (Mary- 
ott (8)), 7 = 41 & 4, 
Picric acid diox 22 | 1.16 | 28 x2 | Using » = 1.75, r = 
160 + 15. 
Picryl chloride Ryle 20 | 1.85 | 0.95 + 0.10] Very small tan 5 values. 
Picryl chloride xyl. 21 | 1.24) 0.80 + 0.10) Withy = 0.9 from H, 
mean 7 = 19 + 2. 
o-Nitrophenol xyl. 20 | 2.80) 4.1 + 0.2} From extrapolated 
o-Nitrophenol xyl. 20 | 1.15) 4.8 = 0.2 value 5.7 at c = 0 
xyl. 20 | 0.23] 5.6 + 0.4 and w» = 3.11, 7 = 
10.7 + 0.5. 
o-Chlorophenol xyl. 1871527 |= 0.78 22 008/ Using = 31 
8.2 + 0.8. 
o-Chlorophenol Kyl |=18 [1.27 | 8.1 °0.4-) Using "2 ="41.31, 7 
74 + 4, 
o-Chlorophenol liq. 22 — = e’ (obs) = 6.46, from 
O. wh = 1.55, 7 = 
60 + 4. 
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TABLE IV—Continued 


Solute Solvent Wee : pos 10!2 X (tan 6/wc) Observations 
2,4,6-Trichloro- xyl. 20 | 1.43 | 1.79 + 0.05) Using w» = 1.62, 7 = 
phenol 12.0 + 0.5. 
2,4,6-Trichloro- diox. | 21 | 1.17} 11.3 + 0.5| Using » = 1.62, r = 
phenol 16 = 4 
2,4,6-Tribromo- xyl. 23 | 1.01 | 2.3 40.2 | Using » = 1.56, 7 = 
phenol 17 + 2. 
2,4,6-Tribromo- diox. | 21 | 0.80 | 14.0 + 0.7) Using » = 1.56, r = 
phenol 100 + 5. 
2,6-Dimethyl aniline | xyl. 20 | 2.33 | 1.16 + 0.08} From extrapolated 
2,6-Dimethy] aniline | xyl. 21 | 1.62| 1.22 + 0.04 value 1.438 at c = 0 
2,6-Dimethy] aniline | xyl. 21 | 1.25 | 1.294 0.05) and w = 1.69, 7 = 
10.1 + 1.0: 
2,6-Dimethy] aniline | liq. 21 — — e (obs) = 5.95; from 
OS eS alk6O 
Slesele 
2,4,6-Tribromo- xyl. 21 | 0.288) 4.8 + 0.3 | Using » = 1.80, r = 
aniline 24 + 2. 
2,4,6-Tribromo- diox. | 21 | 1.00 | 15.6 + 0.4] Using » = 1.80, 7 = 
aniline 85 + 2. 
2,4,6-Trinitro- diox. | 22 | 0.426) 55.0 + 0.5] Using w» = 3.25, 7 = 
aniline Ol 5. 


p-Phenylene-diamine | diox. | 19 | 0.757) 0.58 + ? Very small tan 6 values. 
Using w» = 1.50,7 ~ 4. 


the viscosity of our (meta-) xylene differs by less than 1% from that of 
benzene, and any solvation effects should be similar in these two media. 

Secondly, we can make an a priori estimate of ters assuming the molecule 
to be rigid. This starts from Perrin’s equation 


_ 40 


aa (a-b-0)-f. 


Here 7 represents the viscosity for solute rotation in the solvent (the 
“microscopic” solvent viscosity); a, b, and c are the semiaxes of the molecu- 
lar rotational ellipsoid; and f is the “form factor’? which is equal to the 
ratio of the relaxation time about one of the ellipsoid axes to that of a 
sphere of equal volume. This factor has been evaluated for various cases 
by Bud6, Fischer, and Miyamoto (9). The geometrical terms (a, b, c, and 
f) are adequately established from direct measurements of Courtauld’s 
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models of the molecules concerned. The principal ambiguity arises for 7. 
It is well known that the effective viscosity differs appreciably from the 
macroscopic value. What is needed is the effective viscosity of the solvent 
with respect to a particular solute molecule, and this is dependent upon such 
factors as the relative sizes of solute and solvent and their intermolecular 
force field (10). The most satisfactory evaluation of this factor yet available 
is the one due to Miss Hill (11). That, however, required detailed analysis 
of the solution viscosities. We have followed Fischer’s empirical assess- 
ment—from experimental r values he finds (microscopic) /y (macroscopic) 
= 0.23 for a variety of solutes in benzene (3d). In transferring this factor 
to xylene appreciable error may be involved in individual cases. This 
means that, unless other evidence is available, only considerable differences 
between 7ea1e and vere are significant. As typical instances of rigid molecules 
we can quote the relaxation times calculated with the use of Fischer’s 
factor for xylene solutions of picryl chloride, nitromesitylene, and tri- 
phenylmethy] chloride (all in 10” sec.), ie., 18.2, 19.3, and 37.4. The ob- 
served values were 19, 15.5, and 62. Only for the triphenyl compound is 
the disagreement significant—it almost certainly arises from the influence 
of its relatively large molecular size upon the factor 0.23. It is well known 
that the micro-viscosity increases with the size of the solute molecule, ap- 
proaching as a limit the macroscopic value (10). This form of deviation, it 
may be noted, would tend to mask any influence of nonrigidity in the com- 
parison of relaxation times. We retain the use of ress for the experimental 
values, rs for the rigid molecules, and 7, for the relaxation time arising 
from the group rotation: in appropriate cases, as already explained, the 
latter is evaluated via 7, . Related structures are discussed together; unless 
otherwise indicated the solvent is xylene and all the 7 values are in units of 
10°” sec. Values of 7; in solvents other than xylene are obtained by multi- 
plying the values in the latter by the ratio of the macroscopic viscosities. 


1 ,4-Dimethoxybenzene and aa'-Dichloro-p-xylene 


These molecules have been measured in a number of solvents, and the 
results are seen in Table V. 


TABLE V 
Molecule Solvent Teff Investigator 
1,4-Dimethoxybenzene CeH4(CHs)2 6.3 A.A. and M.D. 
C2Cl4 8.3 A.A. and M.D. 
C4302 9.0 A.A. and M.D. 
CeHe 6.9 Fischer (38f) 
CCl, 9.4 Hase (8g) 
aa’ -Dichloro-p-xylene CoH4(CHs) 2 5 A.A. and M.D. 
CeHe 4.9 Fischer 
CoHs 6.7  D’Or and Henrion (8a) 
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The agreement between our own and previous values is satisfactory 
These are certainly instances of non-rigid structures as the minimum values 
of 7; in xylene would be 10 X 10°” sec. Fischer has estimated 7, for the 
dimethoxybenzene as 4.1; completely free rotation of the methoxy group 
would make this nearer 3.0, perhaps suggesting some restraint in the 
C—O bond. Relative to xylene the 7e+: value in C2Cl, increases almost in 
the ratio of their viscosities (1.31 and 1.40), but whilst the viscosity of 
dioxane is twice that of xylene, rer is increased by only 40 %. This, perhaps 
surprisingly, would correspond to completely free rotation of the methoxy 
groups in the dioxane solution. From his estimate of +, (=2.7) Fischer 
concluded there was unhindered rotation of the substituents in the di- 
chloro-p-xylene. 


Terephthalic and Phthalic Acid Derivatives 


The relevant results are summarised in Table VI. 

For the diethyl esters it appears there is no appreciable mobility within 
the molecules. Whilst for di-n-butyl terephthalate tes; > 7s, this probably 
results from the underestimate of 7 (microscopic) for this bulky molecule. 
The dimethylterephthalate values perhaps indicate some mobility; Fischer 
found vers = 14.5 for the same ester in benzene. The contrast with other 
esters suggests that this may reside in the methyl rotation around the 
C—O bond in the ester grouping. This conforms to the absence of rotation 
about the C,:—C,, bond indicated by the apparent rigidity of acetophenone, 
benzaldehyde, and terephthaldehyde—where C,:;—=O is also conjugated 
with the aromatic ring. Both for the dimethy] ester and for the more doubt- 
ful case of terephthaloyl chloride, the 7, values indicate far from free rota- 
tion. These instances of ters < ry may, in fact, arise from an abnormally 
large contribution by the atomic polarization to the dipole moment used. 
Thus the most that can be claimed is that the data for the dimethyltere- 
phthalate suffice to indicate some form of flexibility in the molecular 
structure. The ratios rere(CoCli)/7ere(CeHi(CHs)2) for diethylphthalate, 
diethylterephthalate, and di-n-butylterephthalate are 1.22, 1.59, and 1.24— 
in approximate agreement with the solvent viscosity ratio, 1.40. In pure 


TABLE VI 

Molecule Teff TT Tr T9 
Dimethylterephthalate 14 18.2 18.2 11.9 
Diethylterephthalate 27.7 24.0 
Diethylterephthalate in C.Cl, 44 (83.6) 
Di-n-butylterephthalate 54 36 
Di-n-butylterephthalate in C2Cl, 67 (50) 
Terephthaloylchloride 12 18.2 18.2 9.0 
Diethylphthalate 16.4 18.2 


Diethylphthalate in C.Cl, 20 (25.4) 
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diethylphthalate (see Table III) a temperature change of 37° changes 
tett by a factor of 7.3, whilst the viscosity ratio is 9.9. 


Triphenyl Carbinol 


The calculated 7; was 34.4 whilst ress was only 10.7. This strongly sug- 
gests free rotation of the OH group in this molecule. For the certainly 
rigid triphenylmethyl chloride, 7; was 37.4 and Tett = 62. The reason for 
this difference has already been mentioned. If we assume that the angle 
COH is 115° and use accepted “bond moments,” the justifiable use of 
ts = 62 with rete = 10.7 for the carbinol leads to 7, = 2.1 and 7, = 1.1. 
The latter value probably conforms to unhindered rotation of the hydroxyl 
group. Dioxane again provides a lower re: value than its viscosity relative 
to xylene would suggest; this may mean that its microscopic viscosity is 
being overestimated, but in any case the result emphasizes the existence 
of a loss process in triphenylearbinol with a relaxation time much smaller 
than 7;. 

Both infrared (12) and dielectric absorption (13) studies of solid tri- 
phenylearbinol have shown the comparative freedom of its hydroxyl group 
even in the crystalline state. It is essentially the result of steric protection. 


Phenolic Structures 


The 7 values in Table VII are in xylene unless otherwise described. 

The results given in Table IV show the influence of association in a num- 
ber of the phenolic solutions. Figure 1 shows how tan 6/w:c, which should 
be independent of concentration, increases linearly with molarity (c) to an 
extent much greater than any viscosity change for the medium. o-Nitro- 
phenol, whose association is unlikely to be significant here (14), shows a 


TABLE VII 

Molecule Tefft Tf Tr ; T% 
Phenol 14.3 9.7 
Phenol in teth. 8.5 13.6 ol 4.8 
Phenol in CCl, (8d) 9.3 12.6 
3,5 Dimethylphenol 14.3 13.0 
2,6 Dimethylphenol 6.8 13.0 5.5 3.5 
2,6 Dimethoxyphenol 21.4 15.3 
o-Nitrophenol 10.7 12.1 
2,6-Dinitrophenol 24.5 15.3 
Picric acid 41 18.2 
Picric acid in diox. 160 36.4 
Picryl chloride 19 18.2 
o-Chlorophenol 8.2 9.9 
2,4,6-Trichlorophenol 12.0 15.9 11.0 8.4 
2,4,6-Trichlorophenol in diox. 76 32 
2,4,6-Tribromophenol 17 19.8 


2,4,6-Tribromophenol in diox. 100 40 
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much smaller decrease of re¢g With increasing concentration. In the former 
cases the increase with concentration of the solute’s mean particle size is 
probably responsible for the net effect observed. Measurements of the 
viscosities of xylene solutions at 21.0°C. support this contention. It is seen 
in Fig. 2 that for phenol and 3,5-dimethylphenol the solution viscosity 
increases more than proportionally to concentration and as the dielectric 
results suggest, the effect (of association) is the greater for 3 ,5-dimethyl- 
phenol. For 2,6-dimethylphenol, whose association will be much reduced 
by the steric “‘protection” of the hydroxyl, the viscosity increases at most 
linearly with concentration. 

In cases where tan 6/w:c depends on concentration the rer values in 
Table VII refer to zero concentration, and are open to the additional un- 
certainty of extrapolation from the observed values. Picryl chloride is 
relevant as an example of a rigid molecule, and it is seen that no departures 
from that condition can be claimed for 3 ,5-dimethylphenol, o-nitrophenol, 


né 
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Fig. 1. Concentration dependence of relaxation times in xylene at 21 + 1°C. 
G = phenol; © = 3,5 dimethylphenol; e = orthonitrophenol. 
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Molarity 
Fria. 2. Viscosity (y) in c.g.s. units of xylene solutions at 21.0°C. © = phenol; 
© = 3,5-dimethylphenol; 9 2,6-dimethylphenol. 
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o-chlorophenol, or 2,4,6-tribromophenol. For phenol itself in tetrachloro- 
ethylene it seems that ret:(¢ = 0) is lower than 7; by more than the ex- 
perimental uncertainty; our result agrees well with Fischer’s in carbon 
tetrachloride. However, the 7, evaluated suggests a distinctly restricted 
rotation of the hydroxyl group. 

In xylene the result 7.:; > 7; is found for phenol, for 2,6-dimethoxy and 
2 ,6-dinitrophenol, and for picric acid. This condition is even more strikingly 
established in dioxane solutions. The anomaly is not due to any low-fre- 
quency conductance which these solutions might possess—such a factor 
leads to a tan 6 decreasing with increasing frequency. In dioxane the result 
could correspond to the effective moment being increased by a factor of at 
least 2 relative to the benzene (or xylene) value; this might arise if a large 
proportion of ion pairs, RO [HO.C,Hs3]*, were formed in dioxane. This 
effect, if it occurred, would be found by low-frequency dipole moment 
measurements, but it is far in excess of what happens even with HCl dis- 
solved in dioxane—the ratio of whose moments in dioxane and benzene is 
2.12/1.25. In any case, this factor is inapplicable to xylene solutions, where 
only a negligible difference in moment from benzene can be expected. 

Alternative interpretations of tes; > zy in these cases are: Firstly, that 
solvation of the phenolic molecules occurs which markedly increases the 
effective size of the polar solute. This might be supported by the change in 
dipole moment of phenol itself: u(gas) = 1.40; w(CCl) (15) = 1.41; 
u(CeHe) = 1.70; and also by the existence of the well-known aromatic 
hydrocarbon complexes of picric acid and 2,6-dinitrophenol. This possi- 
bility has been eliminated for picric acid by comparing the viscosities of 
its xylene solutions with those of picryl chloride which has a normal Test 
value. At various molar concentrations (c) up to 0.35 M at 21.0°C. values of 
0 (intrinsic) = (Hsotation a oe Meolvent)/ Naolvent“C were, for picric acid, 0.604; 
0.571; 0.559; 0.561; for picryl chloride, 0.592; 0.568; 0.570. This shows both 
solutes to be in a comparable state of solvation. Accordingly, we are driven 
to a second interpretation which is that an additional relaxation time to 7; 
may arise from the switching of the OH group between two positions in the 
molecule (7;), each position equally stabilized by “hydrogen bridge”’ inter- 
actions with adjacent groups. Meakins (16) has, in fact, reported solid state 
results for 2, 6-dinitrophenol and picric acid which show such a process, with 
1, > t;. This explanation is supported by the absence of the effect for 
dissolved o-nitro- and o-chlorophenol, where the hydrogen will essentially 
be tied to the side of the adjacent group, and, again, in 2,6-dimethyl- and 
2,4, 6-tribromophenols, where such interaction may be insignificant or, as 
2,4,6-trichlorophenol suggests, perhaps 7: <7;. Clearly, this bond rota- 
tion process is a type of proton-jumping mechanism and deserves further 
more detailed study. 

The influence of dioxane in these cases is very striking; it has twice the 
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viscosity of xylene, but for picric acid, trichlorophenol, and tribromophenol 
Tet 18 increased in the ratios 3.9, 6.3, and 5.9. It is very unlikely that this 
arises solely from its influence on the solute dipole moment, e.g., the yu 
value of trichlorophenol would have to be increased by a factor 1/6.3/2 = 
1.77, before the observations would conform to simple viscosity changes. 
Alternately, with « constant, the solute molecular volume would have to be 
3.15 times its value in xylene; solvation is unlikely to increase to this ex- 
tent. Thus it seems that, apart from some influence on the u values, dioxane 
may have a specific effect (increasing 7) on the proton-jumping process. 


Aniline Derivatives 


Fischer has claimed that the NH: group in aniline has at least a fairly 
large amplitude of torsional vibration about the C,,—N bond. The Tes 
values for 2.6 dimethylaniline, 10.1, and 2,4,6-tribromoaniline, 24, in 
xylene approximate to those estimated for the rigid molecules, 13 and 20, 
respectively. However, the existence of the same anomaly as for the phenols 
is seen in the zer¢ values for the 2,4,6-tribromo and 2,4,6-trinitro anilines 
in dioxane, which are 85 and 91. For trinitroaniline we have used the dipole 
moment measured in dioxane, combined with 10” X tan 6/w values for a 
0.426 M solution which were, at five frequencies from 6 to 70 Me. per second, 
23.1; 23.1; 23.5; 23.7; 23.4. The result rere > ry seems particularly well 
established in this case. The magnitude and direction of this effect makes 
the results for phenylenediamine in dioxane all the more remarkable. _ |} 
The tan 6 value for a 0.76 M solution (Table IV) was only 0.19 X 10% at | 
70 Me. per second, corresponding to a maximum Tes; of 4.4. This, however, 
conforms to Fischer’s regs = 1.5 in benzene; these values correspond to 
completely free rotation of the para-substituted amino groups. (See also 
“‘Alicyclic Compounds’’ below.) 


Oxalic Acid Derivatives 


From the values in Table VIII we can safely conclude that there is flexi- 
bility in these molecules, and from the small T, values it seems unlikely that 


O 
rotation of the —C R halves of the molecule is involved but rather 


O 
that of the OR group about the C—O bond. Some evidence for the mobility 
of these groups was found in dimethylterephthalate (Table VI). Sutton 
(17) has observed that “the moments of aliphatic carboxylic esters, which 


TABLE VIII 
Molecule Teff Tf Ug Tg 
Dimethyloxalate 3.8 al 3.8 2.6 
Diethyloxalate 4.4 10.6 4.4 2.8 
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vary from 1.6 to 1.9 D, agree roughly with the moment of 1.5 p calculated 
for the trans-configuration (A) with the alkyl groups turned away from 
each other. The alternative extreme configuration (B) would have a moment 


R’ 0 R O 
eA WF 
C C 


(A) (B) 


of about 3.5 p.” The present data suggest limited rigidity in the oxalate 
esters—possibly owing to conjugation in the (O—C—C=O) system reduc- 
ing the partial double-bond character of the C—O linkages. The value 
yp = 2.41 p deduced from Onsager’s equation and ¢’ = 8.30 for pure diethyl- 
oxalate agrees with Smyth and Walls’s value (18), 2.49 p; the ratio of Tes 
in the liquid (12.3) to that in xylene (4.4) is 2.8, whilst the ratio of vis- 
cosities is 3.0. 


Alicyclic Compounds 


The value of resp = 5.3 + 0.3 for cyclohexanone in xylene may be com- 
pared with those of 6.5 and 10.5 in benzene due to Whiffen and Thompson 
(19) and to Cripwell and Sutherland (20). o-Methyleyclohexanone has a 
similar value in xylene—5.6 + 0.3—the less certain value for the pure liquid 
(18 + 2) showing an increase by 3.2, compared with the viscosity ratio of 
2.6. Both these cyclohexanones have similar, compact, almost spherical 
moleculés from whose volumes 7; = 12 is predicted for xylene. The appre- 
ciable difference between ret and 7, strongly tempts one to suggest a high- 
frequency absorption process arising from puckering of the cyclohexanone 
ring. The only other obvious source of the discrepancy is that the spherical 
form of these molecules reduces the micro-viscosity of the solvent much 
below its normal value in these cases. However, this explanation could not 
apply to the pure liquid value (o-methylcyclohexanone). We are inclined 
to the conclusion that the discrepancy shown by vere in these cases arises 
from a large atomic polarization term, not properly assessed in the evalua- 
tion of the dipole moments. Results for 1,4-cyclohexanedione support this 
conclusion; we failed to detect any appreciable absorption at 0.32 M over 
our frequency range, which suggests a moment at most half that (1.29) re- 
corded for it in the literature or calculated by us from Higashi’s equation 
and ¢’ (solution). The atomic polarization term normally corresponds to a 
relaxation time smaller than that associated with group rotations—but this 
condition might well apply to distortions of the chair-form of the cyclo- 


hexane ring. 
For liquid cyclohexylamine we have the abnormally low value rer = 5. 
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A 1.87 M solution of this amine in xylene showed such small tan 6 values 
that only a maximum value, zr; = 3, could be established. The same very 
small value has been found by Fischer for aniline in benzene. Certainly 
some intramolecular mobility is involved here. For the cyclohexylamine it 
might be: 

1. high-frequency puckering of the cyclohexane ring with its polar sub- 
stituent; 

2. rotation of the NH» group about the C—N bond; 

3. “inversion” of the H-atoms about the nitrogen. 

The alternative (1) would not apply in the case of the similar results for 
aniline (and p-phenylenediamine), and the present data cannot distinguish 
between (2) and (3). At the same time (2) and (3) are irrelevant to the 
case of the cyclohexanones. 

For the “miscellaneous” structures, nitromesitylene, o-methoxy-methyl 
benzoate, and benzil the measured 7er¢ values agree within the experimental 
uncertainty with the estimated 7; values. 


GENERAL CONCLUSIONS 


It is clear that nonrigidity in molecular structures may vary from almost 
completely free rotation of groups (e.g., OH in triphenylearbinol) to re- 
stricted torsional vibrations. Only the more obvious cases can be definitely 
established by such exploratory studies as the present, but even these 
suffice for preliminary comparison of conditions in related molecules. 

The influence of solvents upon relaxation times for both rigid and non- | 
rigid molecules is well illustrated by some of our data for dioxane solutions. __ 
Now that the dependence of dipole moment upon solvent is sensibly well 
analyzed by Onsager’s relations and the micro-viscosity can be evaluated 
from Miss Hill’s treatment, the variation of relaxation time with solvent 
can disclose the extent of solute-solvent interaction. In the case of rigid 
molecules an assessment can be made of the size of the solvent sheath (if 
any) carried by the rotating polar solute. 

Nonrigidity may arise in a number of forms—as in the case of the esters 
or cyclohexylamine—whose differentiation may be difficult but could be 
advanced by systematic comparison of variations due to molecular sub- 
stitutions, etc. Most important of all, a more adequate frequency coverage 
(up to 10" cycles per second) would allow of testing the appropriateness in 
these instances of the Pellat-Debye form of the loss equations, and it might 
resolve the various contributions to the low-frequency absorption into the 
individual components. In favorable cases it should be possible to distin- 
guish between alternative modes of dipole relaxation from the integrated 
absorptions—as these will be proportional to the square of the dipole mo- 
ment oscillations involved. Much, therefore, can be looked for in the de- 
velopment of this field of molecular structure studies. 
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THE TRANSFER OF SURFACE FILMS THROUGH SURFACE 
CHANNELS—GEOMETRICAL FACTORS 


Victor K. La Mer and Martin Blank 


The data plotted in Fig. 2 are referred to in the text and legend as a 
ternary mixture. These data refer to an experiment in which a film and 
lens of Adol 22 was laid down and then separate lenses of ethyl plami- 
tate and of CHM were deposited. The surface pressure was then meas- 
ured as a function of time as monolayer was transferred. Figure 2 demon- 
strates the selective transfer of the substances from coexisting separate 
lenses, but does not demonstrate a separation of the components from a 
single lens. This problem will be treated in more detail in a later com- 
munication. 
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VINYL TYPE POLYMERIZATION AT SOLID SURFACES 
AND WITH COMPLEX CATALYSTS 


F. Eirich and H. Mark 


Institute of Polymer Research, Polytechnic Institute of Brooklyn 
Brooklyn, New York 


SUMMARY AND CONCLUSIONS 


The so-called stereo-specific high polymer syntheses reported during the 
past few years, and their relation to heterogeneous catalysis, are briefly 
discussed. The likely courses of reactions during the formation of all-cis 
polybutadiene, of crystalline polypropylene oxide, and of the poly a-olefins 
during Ziegler type syntheses are analyzed in detail. 

Reviewing the reaction mechanisms suggested, as well as those by the 
authors quoted, the inadequacy of the schemes to take care of many 
observations and details is fully recognized. In their present form these 
mechanisms will certainly require much revision in the light of the future, 
yet we believe it will be seen that a certain common pattern is apparent 
even now, the essential features of which permit the formulation of a 
distinct mechanism of catalysis. 

Dividing this mechanism into two parts, 1.e. acceleration and direction 
of reaction, the primary basis for the acceleration appears to be the coordi- 
nation or complexing of the reactants to the same, or an adjacent, center. 
This increases the probability of suitable configurations prior to the transi- 
tion state and thus lowers the entropy, and possibly also the energy, of the 
latter; the coordinating center participates also in the reaction by attract- 
ing electrons from the reactants and returning them to the product under 
a minimum of rearrangements of atoms. The activation process becomes 
thereby subdivided into several steps, each with much lower activation 
energy than that of the reaction as a whole. It is true that such processes 
have been postulated before in explanations of catalyses but this appears 
to be a new combination of “cage effect”’ and electron transfer through a 
temporary acceptor. 

For the steering part of the mechanism, it seems to be essential that the 
reactive complex is situated on a surface so that one of the reactants is 
fixed with regard to its internal, rotational, degrees of freedom. The mole- 
cule to be added may then lose its energy to the surface, on its path from 
the transition to the final state, and may drop into a definite position of 
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lowest energy with respect to the other reactant and the surface. (This can | 
be symbolized by the stacking of tripods which can be placed on each other || 
in any rotational position when standing, but only in 3 distinct ways 120° || 
apart when stacked lying sideways on a plane). This is quite different from || 
the picture developed for some enzymatic or replica syntheses. : 

Among other features strongly suggested we mention the additional 
mechanism by which a polymerizable molecule becomes inserted into an | 
existing bond, between the previously linked atoms. This is allied to 
ester, amide or silicon exchange reactions or even ion exchanges, and, as a | 
double displacement reaction, requires a fairly polar bond. The catalysis of | 
this insertion is tied to a site; consequently, one of the bond partners must | 
be mobile tangentially along the surface, and the growth proceeds like that | 
of a hair from a feeding root. | 

Finally, it seems required that the coordinating electron acceptor be | 
tied to a electron donating substrate. Whether the donating quality is only | 
needed to hold the coordination center, or is essential in the mechanism of | 
catalysis, cannot be surmised yet, although the latter alternative is likely. 
There can be little doubt though that the elevated position of the coordinat- | 
ing center, lying on top of a crystal plane, will help in the complex forma- | 
tion. 


———a 


In view of the rapid development of the field, the completion of this 
manuscript has been delayed and, for technical reasons, the article will. 
appear in its entirety in the next issue of the Journal of Colloid Science. 
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THE RATIO OF THE POSITIVE AND NEGATIVE LIGHT ION 
CONDUCTIVITIES WITHIN A NEUTRAL AEROSOL SPACE 


Ross Gunn 


Office of Physical Research, U. S. Weather Bureau, Washington, D. C. 
Received September 11, 1956 


ABSTRACT 


The diffusion of atmospheric ions onto an aerosol establishes a distribution of 
particle charges that depends on the ratio of the positive and negative light ion con- 
ductivities. When the aerosol space is electrically neutral, it is shown that this im- 
portant ratio may be expressed in terms of the number of particles per unit volume, 
their size, the rate of ion pair formation, the light ion mobilities, and recombina- 
tion coefficient. The derived relation is useful in defining the properties of an aerosol 
in terms of known and measurable atomic and electrical parameters. 


It has been shown in a series of analytical and experimental articles that 
the net electrical charge carried by aerosol particles depends on the loga- 
rithm of the ratio of the electrical conductivities of the positive and negative 
light ions in the environmental air (2, 3, 4, 6). All ion-producing processes 
simultaneously generate a positive and negative ion so that except for the 
influence of combination processes and transport due to electric fields, there 
is a marked tendency for the establishment of equal ionic population densi- 
ties. Therefore, since the mobility of the negative ion is some 40% larger 
than that of the positive ion there is a parallel tendency for the negative 
ion conductivity to exceed that due to the positive ions. The reality of this 
phenomenon has been made manifest by a recent series of measurements 
in a large closed vessel which was systematically cleared of condensation 
nuclei and pollution (5). It is found that the combination of ions with those 
of opposite sign and with the particles suspended in the environmental air, 
always influences the relative abundance of the positive and negative ions. 
The relative abundance depends not only on the number and size of the 
suspended particles and the recombination, but also upon the rate of lon 
production. It is our purpose here to determine analytically the relative 
ion population densities and electrical conductivities in an aerosol space 
when the ion production and combination are specified. 

It has been shown in this laboratory that when the relatively large num- 
bers of condensation nuclei and other pollution in the atmosphere are pro- 
gressively removed; then the conductivity of the negative ions increases 
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relative to the conductivity of the positive ions (5). This observed fact is 
a direct consequence of the notably greater mobility of the negative ions 
which normally diffuse onto the aerosol at a greater rate than do the corres- 
ponding positive ions. In this way a slight excess of positive ions is estab- 
lished outside the suspended particles which compensates for their lower 
mobility. Thus, when the particle density is large, the conductivities of the 
positive and negative ions approach equality. One may notice, too, that if 
the rate of ion pair production is greatly increased, then the equilibrium 
ionic densities will approach equality, and the conductivity ratio of the 
positive and negative ions will approximate the ratio of their respective 
ionic mobilities (4). 

In the earth’s atmosphere the air at high levels is relatively free of con- 
densation nuclei and the diffusion of ions onto the particulate matter is not 
large. However, at lower and lower elevations, more and more pollution is 
encountered and both types of ions recombine with the suspended aerosol 
at a rate that depends significantly on their mobility. It is important to 
determine the interrelation between the size of the aerosol particles, their 
population density, and the ionic and electrical conductivity ratio in a 
given region. This ratio is useful because it determines the distribution of 
charges carried by any aerosol in equilibrium with its ionized environment. 
By employing the well-verified facts of ionic recombination and combina- 
tion it has been possible to determine the nature of the established equilib- 
rium and its dependence upon the rate of ion production and the mean 
number of aerosol particles per unit volume. 

It is well established that the time rate of disappearance of positive and 
negative light ions due to recombination with each other is given by 


dns _ wrk es gd dn 
a Fs Pil cape ae ) 
dt 


di W 


where n, and n_ are the positive and negative ionic densities, respectively 
and a is the recombination coefficient. 

Similarly the time rate of disappearance of positive and negative ions 
that diffuse onto and combine with the aerosol particles of population 
density No and radius a is given by (2) 


and 


dn_ ArQu_n_ No 


Ek i Be n— No ’ [3] 
dt ws —Qe 
1 exp ae 
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where @Q is free charge carried by the spherical aerosol particle, uv, and u_ 
are the mobilities of the positive and negative light ions, k is the Boltzmann 
constant, 7’ is the absolute temperature, No is the number of aerosol parti- 
cles of radius a in unit volume, and 6, and 6_ are the combination coeffici- 
ents of the positive and negative ions on the spherical nuclei. One notices 
that Eqs. [2] and [3] may be extended to represent the average rate of ion 
combination if Q is assumed to represent the average charge carried by all 
the aerosol particles. 

One imposes a further requirement by noticing that after a steady state 
is established any excess charge on the aerosol particles will be neutralized 
by ions of opposite sign in the aerosol space outside the particles. Thus if 
the aerosol space is neutral 


Nili= —eni.— n_), [4] 
where Q is now the average net free charge carried by the particles and its 
value is given (2) by 


-In 
e NU e Ne’ 


One akT In eet E OkTh Ny [5] 


where A; and \_ are the positive and negative light ion conductivities. 
Thus, mean steady-state values for Eqs. [2] and [3] become approximately 


In a 
ee = ans : A HN: (6] 
Sat 
Ne 
halal 
dn_ sl) ArakTu_ : Fai r7] 
dt e€ 1-%& 
Ay 


Now if the aerosol space is exposed to X-rays, radioactivity, or cosmic 
rays, and if such ionizing agencies produce g ion pairs per unit volume per 
unit time then one may write the equilibrium equations 


g- = (an, + B_No)n_; [8] 
q = (aon + By No)n,. [9] 
Whence by elimination it is found that 
ypu En (1 enyrede iy = i]; [10] 
7 2a 6, B-Ne 
1/2 
n= ELC + cata) — i 


where g; = q = @. 
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It may be noticed from Eqs. [10], [11], and [5] that 


my Bo _ yu | [12] 
Ni Be ge Nate 
By combining the above relations it is found that 
Moot) In ) = e(n_ — n4) 
: [13] 
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After some reduction one finds that in an aerosol space, free of appreciable 
electric fields, 


4 Ay ei 
5 (= 
Noa = ( Ne Ut 
: 2 Ameuy. (1 Me =) [14] 
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ee uN Ay 1 
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It may be noticed that this expression is a function only of known constants 
and the ratio of the light ion conductivities in the environment. By adopt- 
ing wu, = 425 cm./sec./statvolt/em., a = 1.6 X 10-*, u,/u_ = 0.77, e = | 
48 X 10° es.u., and kT = 4 X 10 “erg, the value of Eq. [14] is plotted - 
in Fig. 1. This figure shows very clearly that as No approaches zero, the 
conductivity ratio approaches the ratio of the ionic mobilities measured in 
clean air. On the other hand, as the particle density of the aerosol steadily 
increases or as the particles become larger, the light ion conductivity ratio 
becomes more nearly unity. Attention is drawn particularly to the fact that 
the rate of ion pair production q influences the conductivity ratio, just as 
our laboratory measurements have suggested (2, 3, 4, 6). Since the number 
of condensation nuclei in the atmosphere and their size changes with alti- 
tude, as does the ion production and the recombination coefficient; it is 
clear that the conductivity ratios existing in the free atmosphere will depend _ jj 
markedly upon the altitude. Moreover, the introduction of cloud droplets |} 
or rain into the region will obviously profoundly influence the equilibrium 
ratio. 

It is illuminating to apply Eq. [14] to a practical case. For example, the ! 
number of cloud particles in a typical cloud approximates 400 droplets/ 
cm.’ and their mean radius a = 5 X 10 * em. In the lower atmospheric 
levels g = 10 ion pair/cm.' sec., while the recombination coefficient a will 
approximate 1.6 X 10°. Substituting in Eq. [14], one may verify that 
Noa/q = 4 X 10° and therefore \,/\_ is nearly unity. Further caleula- 
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Fig. 1. The ratio of the positive and negative light ion conductivities as a func- 
tion of the number of aerosol particles No per unit volume, their radius a, and 
the rate of ion pair production ¢ per unit volume per unit time. Calculated from 


Eq. [14]. 


tions will show that the conductivity will not depart greatly from unity 
unless the number of cloud droplets decreases to something like 40 droplets/ 
cm.*. In contrast to this result, one may notice that in the clear lower 
atmosphere there are frequently 10% to 104 condensation nuclei per cubic 
centimeter having a radius of the order of 10° em. In this case No'a’/¢ = 
10°° to 10° corresponding to \4/A_ = 0.89 and 0.99, respectively. It is 
known that the population density of condensation nuclei decreases notably 
with increasing altitude. This implies that the conductivity ratio at several 
kilometers altitude will be much less than unity, just as the measurements 
of Wait and Gish appear to show (1). 

A careful comparison of Eq. [14] with observed values has not been 
carried out, but it satisfactorily forecasts the approximate values of \,./A_ 
observed both in the free atmosphere and in the giant closed cloud chamber 
used in a number of our earlier experiments. 
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In a series of earlier papers appearing in this Journal we have reported 
the observed distribution of the droplet charges accumulated by an aerosol 
exposed to a variety of physical conditions (2, 3, 4, 6). All these measure- 
ments were consistent with the view that the accumulated charges were 
established primarily by ionic diffusion and that the fractional number of 
particles F,/F; carrying a given number of elementary charges x is given 
by the basic aerosol electrification (3) 


2 
P — (2 —- ae In st 
cA ss Ay 2 mat x [15] 
F,  (2rakT)? i ee 


e? 


where F,, is the number of particles per unit volume, carrying x elementary i 
charges, and F, is the total number of particles per unit volume. An exam- I 
ination of this expression shows that the distribution is described by rather |} 
simple characteristics of the aerosol and by the ratio of the positive and | 
negative light ion conductivities in the environmental air. Equation [14] 4 
provides a direct means of determining this conductivity ratio in terms of || 
known constants and the size and population of the aerosol particles. There- || 
fore, by its use one may describe, in the steady state, the entire behavior i 
of an aerosol once its detailed characteristics and the ion production rate 
are known. Conversely if one measures the ratio of the electrical conduc- I 
tivities within an aerosol he may immediately infer the approximate number 
and size of the particles present. For example, it has been shown that if a 
sample of typical outside air is stored in a large sphere and the condensation || 
nuclei and pollution therein systematically removed by any means, the || 
electrical conductivity ratio increases until the ratio approximates the |) 
ratio of the respective ionic mobilities (5). Equation [14], therefore, will be | 
of use in analyses that seek to determine and specify pollution of the free 
atmosphere. 
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ABSTRACT 


A modification of the La Mer-Sinclair generator for the production of uniformly 
sized aerosol particles has been fitted with a special chimney to permit the aerosol 
to grow into solution droplets. The resulting droplets are of relatively uniform size 
and are in the submicron range. The modified generator provides a predictable source 
of small droplets for use in cloud physics experimentation. 


INTRODUCTION 


The production of water clouds for meteorological studies has been 
attempted in several ways by researchers in recent years. Uniformity of 
size and a high droplet concentration, as achieved by aerosol techniques 
(1), are the characteristics to be sought. To obtain these two conditions 
simultaneously is difficult with the present methods. 

The spinning disk generator (2), the oscillating reed (3) in its many 
forms, the bursting bubble generator (4), and several other devices (5) 
produce streams of uniform droplets. However, their concentration is too 
low to be applicable to meteorological cloud physics studies other than 
droplet coalescence. Concentrated clouds of nonuniform droplets, on the 
other hand, are produced by the well-known techniques of the cloud 
chamber (6) and of the sprays (7). In these, the difficulty encountered in 
the measurement of the average droplet size and of the size distribution 
outweighs the advantages. 

In certain experiments, where the presence of a solute in the droplet has 
no undesirable consequences, clouds of relatively uniform droplets can be 
produced through the condensation of water vapor on salt nuclei. The 
droplets thus produced are in the submicron size range. The measurement 
of size and concentration of the droplets is accomplished through the use 
of standard light-scattering techniques (8). 

1 The research reported in this paper has been sponsored by the Geophysics Re- 


search Directorate of the Air Force Cambridge Research Center, Air Research and 
Development Command, under Contracts AF 19(604)-618 and AF 19(604)-1388. 
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EXPERIMENTAL 


The standard La Mer-Sinclair aerosol generator (8) as modified by 
Gendron (9) may be used to produce water aerosols on various nuclei. An 
investigation of an aerosol produced by the condensation of water vapor 
on sodium chloride nuclei obtained from a heated Nichrome coil generator 
is reported in this work. A study was made (1) on the diameters of nuclei 
produced by the source (10) and of those obtained from the evaporation 
of droplets, and (2) on the radii, electrical charge, and sodium chloride 
concentration of the droplets produced. 

The La Mer-Sinclair generator fitted with a chimmey 135 cm. long 
could be used at room temperature, provided its chimney was heavily 
coated with tiny water droplets at the start of a run. The nuclei source 
consisted of a Nichrome coil, heavily coated with sodium chloride and 
operated at temperatures from 150°C. to 475°C. The coil temperature 
was measured with an iron-constantan thermocouple located in the center 
of the NaCl-coated Nichrome coil. The coils were wound from 20-cm. 
lengths of Nichrome wire No. 24 and No. 26 and were used from 4 to 8 
hours. Flow rates of 900 cc./min. over the nuclei source and 20 cc./min. of 
filtered air were maintained in the generator. Because of the inhomogeneity 
of the nuclei and of their solubility in water, a strictly uniform cloud was 
not always obtained. However, even at the highest temperature, 500°C., a 
narrow enough size distribution (0.35 uw to 0.90 uw radius with 95% of the || 
droplets ranging from 0.35 u to 0.74 ») was achieved for the use of an || 
average particle size? to be valid. a 

In this case, standard light-scattering techniques could not be used to 
determine the size of the aerosol droplets. On the other hand, higher order 
Tyndall spectra could be observed on aerosols produced at the lower 
temperatures 140° to 300°C. (where over 80 % of the droplets range between 
0.3 and 0.5 w in radius), and used to determine a valid average droplet 
size. As shown on Fig. 3, the size distribution of the aerosol widens with | 
increasing coil temperature and consequently the brightness and sharpness 1) 
of the Tyndall spectra decrease accordingly to the point of complete | 
disappearance at coil temperatures above 300°C. | 

The radii of the aerosol droplets were determined by measuring their | 
rate of fall in a Millikan oil drop apparatus. Aerosol droplets, in a com- } 
parable sample, were then evaporated by passing the cloud of droplets jj 
over a layer of phosphorus pentoxide in a 4 foot long glass tube, and the | 
nuclei obtained therefrom allowed to settle upon electron microscope i} 
screens within the Millikan oil drop apparatus. The diameters of the nuclei 
so obtained were measured from electron microphotographs (10). Finally 


? Highly uniform droplets of NH,Cl aqueous solutions were obtained with a genera- 
tor developed in this laboratory and described elsewhere (11). 
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the diameters of the sodium chloride nuclei directly obtained from the salt 
coil were measured in a similar manner. 

The aerosol droplet charge was determined by measuring the aerosol 
penetration through an electrostatic precipitator as a function of the 
electric field applied on the precipitator (11). Qualitative observations were 
also made in the Millikan oil drop apparatus. 


RESULTS 


The size distribution of the sodium chloride nuclei and of the solution 
droplets is plotted in Fig. 1 and Fig. 2. A comparison of the two figures 
shows that, for the most part, the nuclei run larger at the higher tempera- 
ture of Fig. 2. Also, at the higher temperature the nuclei from evaporated 
droplets are larger than those produced directly, but this is not the case at 
the lower temperature. The difference suggests that more than one nucleus 
is involved in the formation of many of the droplets, uniting to form a 
single large nucleus upon evaporation. 

The effect of the coil temperature on the size and size distribution of the 
salt solution droplets, over the range of temperature from 140°C. to 
500°C., is shown in Fig. 3. The size increases and the size distribution 
widens with increasing coil temperature as shown by Gendron (12) for the 
salt nuclei. This result differs from that obtained with an oil aerosol where 
an increase in the nuclei source temperature gives rise to a larger number 
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of smaller droplets (13). In the case of a water aerosol where the nucleus 
is soluble in the droplet, this result indicates that at the higher tempera- 
tures several nuclei unite to form a single droplet of a larger size. 

Figure 4 shows the salt concentration in the droplets as a function of 
their size at two temperatures of the nuclei source. The bigger the droplet 
the greater is the salt concentration. This indicates that equilibrium 
conditions are not obtained in the time elapsed from the production of the 
droplets to the measurement of their sizes, because all droplets should 
eventually have the same salt concentration at a given water vapor super- 
saturation and temperature. 

For a given droplet size, the salt concentration increases with the 
temperature of the coil as should be expected. It is interesting to note that 
the salt concentration is quite low over the whole range of droplet sizes, 
and suffices to stabilize the droplets over long periods of time. A sample of 
this cloud of salt solution droplets can be kept in a stoppered flask for as 
long as 6 to 8 hours without appreciable change. 


NaCl CONCENTRATION-PER CENT 


0.7 0.8 


83 oN 0.5 0.6 
DROPLET RADIUS - MICRONS 


Fig. 4. Computed solution concentrations in droplets as a function of droplet size 
and coil temperature. Coil wire size No. 26. 
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The electrical charge carried by the droplets was measured by means of 
electrostatic precipitation and light scattering as described elsewhere (11). 
Most of the droplets were found to carry one or two electronic charges of 
either sign. A similar experiment was carried out on dioctyl phthalate 
aerosols produced in the standard La Mer-Sinclair generator and yielded 
similar results, in agreement with those of White and Hill (14), but contrary 
to the observations reported by Goyer (15) and Dalla Valle (16). Further 
qualitative observations showed the number of charged droplets to increase 
with increasing coil temperature as would be expected if thermal emission 
is the charging mechanism in this case. The conflicting observations, 
reported by several investigators, on the electric charge of aerosol droplets 
produced by condensation can thus be explained by the dependence of the 
charge on the temperature of the nuclei source. 


CONCLUSIONS 


The results reported in this work show the feasibility of producing 
reasonably stable and uniform clouds of submicron aqueous droplets for 
cloud physics studies. The most important control in their production is 
in the nuclei source. Several gauges of Nichrome wire were used and the 
results indicate a slight effect of the surface area of the wire. The de- 
pendence of droplet size on coil temperature is not as well defined for a 
No. 24 gauge as it is for a No. 26. In addition to coil area and coil tempera- 
ture, several factors may explain this disceprancy, such as the thickness 
and the age of the salt coating on the coil (10), the available moisture in 
the generator, and the flow rate of the air through the generator. A thorough 
study of these variables is necessary before a complete understanding of 
the formation and growth of salt solution droplets in this generator is 
obtained. 

Nevertheless, this method fills a gap in water cloud production methods 
in the submicron range. 
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ABSTRACT 


This paper serves as an introduction to a series on the colloidal be- 
havior of Florida phosphate slimes. The problems involved in improving the floc- 
culation, subsidence, and filtration behavior of slimes are considered generally. A 
description of the slimes used in the investigations and the results of orienting ex- 
periments for determining the range of particle size and number and electrophoretic 
mobility are given. Electrolytes were found to be ineffective as aids in improving 
flocculation, subsidence, and filtration and the reasons for introducing special floc- 
culating agents such as potato starch for such purposes are discussed. 


I. INTRODUCTION 


The results of an extended series of investigations on the dewatering of 
uraniferous phosphate slimes (originating in Florida) will be reported in 
this and subsequent papers. This program was initiated in June, 1951, by 
the U.S. Atomic Energy Commission with the ultimate objective of re- 
covering uranium contained in the waste slimes of phosphate fertilizer 
production. The immediate objective was to undertake a study of the 
fundamental colloidal factors involved in flocculation, subsidence, and 
filtration in order to obtain information which would be of aid in the 
development of processes for the beneficiation of the uranium-bearing 
fractions; also methods for the possible economical recovery of phosphate 
values in these materials. From the practical point of view, the difficulties 
encountered in current processes involved primarily slow rates of settling 
of solids and slow rates of filtration due to the clogging of filters. Therefore, 
the basic problem in these investigations has been the study of factors 
related to and methods for accomplishing the economically successful 
dewatering of these slimes. 


‘Presented before the Colloid Division of the American Chemical Society, at 
the New York Meeting, September, 1954. 
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In the phosphate fertilizer industry, rock phosphate is ground under 
water and the fine pebble which settles rapidly is separated and sold as 
pebble phosphate fertilizer. After various flotation operations, slimes are 
left over which consist of fine particles which settle very slowly and ef- 
fectively clog all types of filters. The construction of settling tanks and 
settling ponds for these waste slimes becomes a burdensome item of opera- 
tion. 

Various schemes, involving ultrasonic irradiation (1), electrokinetic 
methods (2), and even the cultivation of water lillies, have been proposed 
and tried on a relatively large scale in order to induce flocculation and 
subsidence or to facilitate the evaporation of water, but with only negligible 
improvement incommensurate with the cost. 

The “scope of research” involved the following approaches. The results 
_ will be reported in detail in this series of papers. 

1). The dewatering of slimes and the concentration of solids has been 
related to the subsidence rates as modified by dilution, the addition of 
electrolytes, and the addition of special flocculating agents such as starches, 
natural gums, and synthetic polyelectrolytes and uncharged polymers. 

2). Investigation of improvement of the character of precipitates (or 
flocs) resulting from these treatments to locate the best combination of 
interdependent conditions to produce the most rapid filtration rate. 

3). The analysis of subsidence as a function of time and final sediment 
volume and the general correlation of these with filtration behavior. 

4). The correlation of improvement in rate of filtration and the optimum 
in amount of flocculating agent. 

5). Correlation of these observations (1-4) of the behavior of phosphate 
slimes, with the degree of dispersion and the chemical nature of the par- 
ticles of the natural suspensions and of synthetic dispersions of pure sub- 
stances of known composition and particle size. 


II. Matreriats USED 


The following types of materials have been used. 

a). Native slimes resulting from standard plant operations. 

b). Synthetic slimes prepared in the laboratory from naturally occurring 
conglomerates of phosphate rock (“leached zone” material). 

c). Colloidal dispersions of finely divided pure substances such as cal- 
cium phosphate, aluminum phosphate, silica, and clays, prepared in the 
laboratory. 

Only one representative member of the first two types will be described 
in this introductory paper. Others of type (c) have been used in more 
recent investigations of the effect of chemical composition of the solid 
and of particle size distributions and will be described in subsequent papers. 

The first sample investigated, called Hopewell slime (I), was obtained 
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from J. B. Cathcart of the U.S. Geological Survey at Plant City, Florida. 
It originated from an old slime pond of the Coronet Phosphate Co., Hope- 
well Mine. It isa thick, viscous dispersion, grey in color, with a solid content 
of 20% (oven-dried). Microscopic and light-scattering observations indicate 
that it consists of a small amount of coarse sand with some particles of 5 to 
20 uw. The majority of particles, however, are less than 1 yw in equivalent 
radius. 

Slime I never sedimented completely even after considerable dilution 
with water; i.e., there was always a significant amount of suspended 
matter in the supernatant liquid after the major portion of the heavier 
components had settled out. This behavior should be contrasted with the 
representatives of type (b), of which the slimes designated as III, VI, and 
VIII are replicas. 

Slimes of type (b) were prepared in the laboratory from native leached 
zone phosphate rock by grinding the material under water in a pebble mill 
and then in a mortar. Since primary interest centered in the colloidal 
behavior of small particles of less than 200 mesh (74 u), the larger particles 
were eliminated by screening. This procedure yields a slime with a sedi- 
mentation behavior different from that of slime I, since slime III and its 
replicas VI and VIII settle within 24 hours, leaving a clear supernatant 
liquid thus indicating that the majority of particles are greater than 1 u 
in equivalent radius. 


III. Inrropucrory THEoryY 
A. Effect of Electrolytes 


It is useful to distinguish, at least qualitatively, between two classes of 
colloids: the lyophobic and the lyophilic. Typical examples of the first 
class are gold, sulfur, and silver iodide sols. Their stability depends pri- 
marily upon the repulsion between the electric charges on the particles 
which are modified by the surrounding electric double layers and further 
screened by the diffuse ionic atmospheres of the electrolytes in the solvent. 

The validity of the diffusion theory of M. Smoluchowski for the kinetics 
of the rapid coagulation of lyophobic colloids has been amply demonstrated 
when the particles possess a low density of surface charge. This theory also 
holds for the kinetics of molecular reactions of low energy of activation, 
e.g., quenching of fluorescence. For ionic reactions, the rates calculated for 
uncharged molecules are subject to important electrostatic corrections 
(3, 4). In the case of most colloids where the particles exhibit high charge 
density and the double layer potential is correspondingly high, indis- 
criminate use of the linear approximation of the Debye-Hiickel theory can 
lead to false and very misleading interpretations, as emphasized by Verwey 
and Overbeek (5). The recent work of these authors combines the repulsive 
effects arising from the electric double layers—calculated by solution of the 
unabridged Poisson-Boltzmann equation—and from the attractive forces 
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of the London-Hamaker type. This model furnishes a satisfactory explana- 
tion of the stability relations for lyophobic colloids. As a consequence of 
the Smoluchowski law, the upper limit of particle number for stability is 
n = 10°/cm.*. Lyophobie colloids are sensitive to electrolyte additions and, 
broadly speaking, are not primarily dependent upon chemical interactions 
with the medium, although chemical interaction is by no means excluded 
(6). 

On the other hand, gelatin or starch in water and high molecular weight 
polymers, are, in general, extreme types of lyophilic colloids. Here, the 
particle number may reach values as high as n = 10” to 10'8/cm.*. The 
“macromolecule”? may be either a long threadlike molecule or a molecule of 
branched chains, rolled into a porous ball open to penetration by the 
solvent: medium. The solvation of a lyophilic colloid involves direct ab- 
sorption of solvent molecules throughout the entire macromolecule. 

As contrasted to the instability of lyophobic colloids, the thermodynamic 
stability of lyophilic colloids depends primarily upon a combination with 
the solvent and the increase in entropy arising from the thermal expansion 
of the macromolecule on imbibition. Although these molecules often possess 
electric charges as a result of acid-base equilibria, they are comparatively 
insensitive to electrolyte additions but are peculiarly sensitive to chemical 
interactions with dissolved molecules as determined by molecular archi- 
tectures. 

The small native particles of interest in our research are, for the most 
part, flat platelike structures of substituted kaolin, gibbsite, and wavellite 
types (7), in addition to larger irregularly shaped particles of calcium 
phosphate, aluminum phosphate, and silica. - 

Thus, the smaller particles consist of more-or-less rigid layers of silicate, 
aluminum: and calcium hydroxides. Stability is attributed to hydrogen 
bonding between the exposed OH groups and the solvent water molecules. 
It is believed that water molecules can penetrate at least partly into some 
of the lattice structures, but swelling in kaolinite is not as pronounced as in 
the montmorillonite or bentonite structure. The fine particles have major 
axes of less than 1 to 2 u and are negatively charged with an electrophoretic 
velocity of 2-4 microns sec.“'volt~'cm.. The charge is a function of the 
pH, and the presence on the surface of the particle of potential-determining 
ions such as Al+*++ and POs ~~. 

From this brief description, it is obvious that a completely satisfactory 
study along the lines indicated would require a very detailed study of the 
particle size, number concentration, and electrokinetic behavior of each 
type of particle to understand the origin of the stability and the flocculation 
properties of each dispersion. Such a comprehensive study was considered 
to be both impractical and ill-advised at the time—until further orientation 
had been achieved. A combination of more direct empirical approaches 
eombined with theoretical guidance has shown that factors of nonelectro- 
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static origin, i.e., of chemical origin, play a decisive role in the behavior of 
the dispersions. 

Particle size was investigated in a preliminary way by direct microscopic 
observations when sufficiently above the limit of resolution, supplemented 
by light scattering when applicable. Electrophoretic mobility measurements 
were made by a micro method (8). The detailed data differ for each natural 
slime or each slime synthetically prepared in the laboratory from the 
natural rock. 

The most significant orienting conclusion that can be drawn is that the 
smallest particles present in some of the original slimes had a number con- 
centration of the order of n = 10°/cm.’ and radii corresponding to equiva- 
lent spheres of roughly 0.1 to 0.2 ». From this value of m it is evident 
that the suspension of fine particles would be unstable if lyophobic. The 
stability of the suspension of fine particles is to be attributed primarily to 
the hydrophilic bonding between the OH group of the particle and the 
water in addition to any secondary repulsions arising from the interaction 
of the electric double layers surrounding each particle. 

This view is substantiated by the effect of added electrolytes. The addi- 
tion of considerable amounts of lime water, strong acids and bases, alu- 
minum and ferric salts produces in some cases moderate improvements in the 
rate of subsidence without producing any significant improvement in the 
filtration rate. Sediment from electrolyte precipitation is more compact 
than that arising from special flocculating agents and is not sufficiently 
porous for the rapid passage of water through the filter cake. Electrolyte 
addition coagulates some of the finer particles into a compact floc, pro- 
ducing increased subsidence from the larger size of the floc without im- 
proving the porosity of the filter cake significantly. The search for an 
efficient electrolyte additive for the improvement of filtration was, there- 
fore, abandoned. 


B, Stability of Slimes—Special Flocculating Agents 


Since the addition of electrolytes proved to be incapable of producing 
significant improvement in filtration rate, we have searched for specific 
flocculating agents. 

Professor J. Th. G. Overbeek informed us (July, 1951) about the very 
successful use of starch as a flocculant for the finely divided particles in the 
effluent of coal mining operations carried out in Belgium and Holland and 
described in the Henry Patent (9). The applicability of starch as a flocculant 
for phosphate slimes was subsequently successfully demonstrated in our 
laboratories in September, 1951, when significant improvements in sub- 
sidence and filtration rates of Hopewell slime (I) were obtained by using 
Flocgel? as a flocculating agent. Van Iterson has given an explanation of the 


? A modified potato starch sold by W. A. Scholten Chemische Fabrieken, Foxhol, 
the Netherlands. 
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action of starch which we shall modify and extend in greater detail in 
paper II of this series (10). 

Electrolytes will coagulate colloidally dispersed matter, whereas starch, 
in the absence of electrolytes, will preferentially coagulate the coarser 
particles. Van Iterson believes that the addition of electrolyte 
(like Ca(OHe)) is necessary first to reduce the electric charge on the finer 
particles which are usually negative. Today, we would say that the elec- 
trostatic potential of the surrounding double layer is reduced, producing 
instability. 

In paper No. II, evidence will be presented that the Van Iterson-Over- 
beek explanation is inadequate to account for all our present observations; 
it appears that specific cross-linking between the phosphate radicals which 
normally occur in the potato starch molecules with the calcium or other 
cations forming insoluble phosphates is responsible for the specific floccu- 
lating power of this starch and its derivations. 

Regardless of the explanation, the observation of the Dutch School that 
very small amounts of starch sensitizes the coal effluent dispersion to 
flocculation and subsidence, whereas larger amounts of starch produce a 
deleterious stabilizing effect, has been observed for all our dispersions and 
for almost all the large list of specific flocculating agents that we have 
studied (including starches, starch derivatives, and various synthetic 
polyelectrolytes). There is also an optimum concentration of flocculant 
for the production of the most rapid and complete filtration. The location 
and interpretation of this optimum concentration, which appears to be 
dependent upon specific interactions between the dispersed particle and 
the particular flocculant, will be one primary objective of later papers in 
this series. 
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ABSTRACT 


The use of starches as flocculating agents for improving flocculation and filtra- 
tion of Florida phosphate slimes is discussed in detail. The methods used in per- 
forming reproducible, quantitative filtration measurements are described. Potato 
starches were found to be the most effective and produced improvements in filtra- 
tion rates up to 10- to 15-fold with some slimes. Corn starches were least effective. 

The flocculating efficiency of potato starches has been related to their phosphate 
content. The presence of cations which form insoluble phosphates is also necessary 
to produce complete flocculation. A three-dimensional bridge structure formed 
between particles in the flocs is suggested as a picture of the flocculation. The OH 
groups of the starch adsorb on the surface of the solid particles followed by inter- 
linking of the free ends of the adsorbed starch molecules (on different particles) 
through their phosphate radicals with Ca*+ ion or other insoluble phosphate pro- 
ducing cation in solution. 


INTRODUCTION 


In paper I of this series we noted that a modified potato starch, Flocgel, 
was used successfully in improving the degree of flocculation and con- 
sequently the subsidence and filtration rates of phosphate slimes (1). Since 
much of the early experimental work, in which techniques for measuring 
subsidence and filtration rates were developed, was performed using 
starches of various types, this work will be described separately in this 
paper. 


BASIS FOR THE Use or Fiocern AND OTHER STARCHES 


A description and an interpretation of the use of starch in connection 
with the flocculation of coal washery effluents has been given by Van 

‘Supported by funds from Contract AT-30-1189 between Columbia University 
and the A.E.C. 

Presented before the Colloid Division of the American Chemical Society, at 
the New York meeting, September, 1954. 
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Iterson (2). He explains the action of the starch (in this case also a pre- 
pared potato starch) more or less as follows: Electrolytes will precipitate 
colloidally dispersed matter; whereas the starch in the absence of elec- 
trolyte will preferentially flocculate the coarser particles. The addition of 
a small amount of electrolyte, usually Ca(OH)», is desirable to reduce the 
charge on the smaller particles of the suspended material, which is usually 
negative. This may be stated more correctly as the reduction of the repul- 
sive forces between the electric double layers of different particles. The 
starch attaches itself to the surface of the particles (in coal washery effluents 
kaolin or some other clay), so that the OH groups of the starch point out 
with their pyranoid rings in a flat position. Clay particles with adsorbed 
starch now no longer attract water molecules as well as before, but now 
attract each other and are, therefore, flocculated. 

According to Overbeek (3), in this interaction the two types of colloids 
show a strong attraction, irrespective of charge, and combine in all pro- 
portions. With relatively small amounts of lyophilic colloid, the lyophilic 
particles will be surrounded by the lyophobic particles and sensitization 
to flocculation results. When the concentration of the lyophobic colloid is 
relatively great, stabilization or protection against flocculation will result. 

This protective action at higher starch concentration has been observed 
by us also in the use of starches as flocculating agents for phosphate slimes, 
although in some cases relatively very large amounts of starch must be 
present (>300 p.p.m.). On the other hand a much smaller amount (10-100 
p.p.m.) will effect a rapid flocculation and produce a significant improve- 
ment in the filtration rate of a slime sample. 

From our studies we have developed a more specific picture. After the 
demonstration of the effectiveness of Flocgel in improving the flocculation 
and filtration rates of Hopewell slime (see paper I of this series) was made, 
some studies of the nature of the necessary accompanying electrolyte were 
initiated. The results of the early orientation experiments suggested that 
the contribution of the added electrolyte in helping to produce flocculation 
with starches might be associated with the ability of the cation to form a 
relatively insoluble phosphate rather than being dependent only on the 
charge of the cation. That this is correct is demonstrated, for example, by 
the fact that salts of Nat, K+, etc., with Flocgel showed no visible floccula- 
tion, whereas Agt, which is also univalent, produced a marked improve- 
ment in the flocculating efficiency of a small amount (20 p.p.m.) of starch. 

Table I shows that of all the cations studied essentially those which 
form relatively insoluble phosphates are effective in producing visible 
flocculation, regardless of the charge of the cation. In any case, it is evident 
that a Schulz-Hardy or lyotropic series effect is not the only factor involved. 

The relationship between cations producing insoluble phosphates and 
the improved efficiency of Flocgel is interpreted by us on the basis of the 
phosphate content of the starch. It is postulated that the starch molecules 
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TABLE I 
Effect upon Flocculation of Hopewell Slime (I) by Substituting Various Cations for 
Calcium Ion 
In all cases the final concentration of the cation was 0.005 NV. Samples of the slime also 
contain 20 p.p.m. of soluble starch (after Lintner) 
Subsidence rate compared with that 


Cation Visible flocculation of sample containing Ca** as cation 
Agt Immediate Faster 

Alt+ Immediate Slower 

Batt Immediate Slower 

Bit Immediate Much slower 
Cit Immediate Faster 
Cettt+ Immediate Faster 

Crag; Immediate Faster 

Cott Immediate Faster 

Cues Immediate Faster 

Fett Immediate Slower 

Pbas Immediate Faster 

Mg** Immediate Faster 
Hg,tt Immediate Faster 

Hgt* Immediate About the same 
Nit* Immediate Faster 

Sr Immediate Faster 

Zn** Immediate Faster 

Nat None None 

1Gr None None 

NH,* None None 


adsorbed on different solid particles through the OH groups of the carbo- 
hydrate part (probably by hydrogen bonding) are cross-linked into a three- 
dimensional network through the phosphate part of the starch molecules by 
cations such as Ca++ which form insoluble phosphates. Experiments in 
1951 showed that corn starch and other starches known to contain no 
phosphate were ineffective as flocculating agents for phosphate slimes even 
with relatively large amounts of electrolyte, whereas potato starches and 
Flocgel were very effective especially in the presence of added Ca*+ or 
other cations producing insoluble phosphates. 


Typicat Resuuts on FLoccuLATION AND FILTRATION OF PHOSPHATE 
SLIMES witH Various STarcHES 


A. Introduction 


The general method for the study of the flocculating efficiency of various 
starch and electrolyte combinations consisted of subsidence measurements 
on 100-ml. samples contained in 100-ml. graduated cylinders. The inter- 
pretation of the results of various subsidence measurements will be treated 
specifically in paper III of this series. This paper should also be consulted 
for a complete description of the experimental method. 
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In addition to subsidence rates, filtration rates were also determined as a 
measure of the degree of flocculation produced by starches. The laboratory 
data obtained in both types of measurements are convertible to larger 
scale processes where specifically dewatering, or concentration of solids, is 
desired by the use of thickeners (subsidence) or continuous filtration 
equipment. 


B. Experimental Filtration Methods 


In general, two methods of measuring filtration rate have been em- 
ployed in our experiments. The first method, the gravity filtration method, 
was the one employed in the earlier experiments. It consisted in measuring 
the filtrate collected as a function of time from a slime sample which had 
been poured onto a *2 Whatman conical fluted filter paper in an ordinary 
conical funnel. The use of fluted paper avoided the effect of the liquid 
column in the stem of the filter, and limited the effects to the shape of the 
cone of the funnel, the initial volume of the liquid and the nature of the 
solid, degree of flocculation, and the amount of solid in the sample. A means 
of representing filtration data obtained by this method in a form equivalent 
to relative filtration rates will be discussed later in this paper. 

Conforming more closely to industrial practice, the second method for 
measuring filtration rates was by use of vacuum filtrations. The vacuum 
filtrations were performed using a 7-cm. (and later a 5.5-cm.) Bichner 
funnel and *2 Whatman filter paper. A Cenco vacuum pump reduced the 
pressure inside the filter flask to 2 cm. Hence a constant pressure difference 
of 74 cm. Hg was maintained throughout the filtration. A 100-ml. graduated 
cylinder was placed inside the filter flask in order to measure the filtrate 
collected as a function of time. 


C. Results of Some Quantitative Filtration Rate Measurements of Slimes 
Flocculated with Potato Starches 


The first sample of phosphate slime studied quantitatively with respect 
to filtration after treatment with various amounts of Flocgel was Hopewell 
slime (I), described in paper I of this series. It is significant that the results 
obtained with this sample and Flocgel showed a pattern of behavior later 
shown by other phosphate slimes treated with a variety of flocculating 
agents such as starch derivatives, gums, and polyelectrolytes. An examina- 
tion of the data for the Hopewell Slime (I) with Flocgel as flocculant re- 
vealed the following significant features. 

1). Where the flocculation is not essentially complete (i.e., a relatively 
large number of fine particles remain in suspension) the filtration rate 
varies approximately inversely and in a few cases erratically with the sub- 
sidence rate. The occasional erratic behavior is probably due to clogging 
of the filters or the alternation of the pore size of the cake by the large 
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Fic. 1. Shows time required to collect 40 ml. of filtrate vs. amount of Flocgel 
in parts per million in terms of total slime. Slime: Hopewell (I) diluted to 5% solids. 
Each sample also contains 2 ml. of saturated Ca(OH)2 per 100 ml. of slime. 


number of primary particles still not flocculated. In cases where this was 
observed, the supernatant liquid above the subsidence level was quite 
turbid compared to those in which filtration rate and subsidence rate were 
directly related (see 4, below). 

2). For a given concentration of Ca(OH)p, the rate of filtration increases 
with increasing Flocgel content (from 10 to 500 p.p.m.) (ie., the time 
required to collect a given volume of filtrate decreases) (Fig. 1). 

3). For a given Flocgel content, the rate of filtration increases with 
increasing Ca(OH). concentration. In some cases a minimum in the rate of 
filtration is found (maximum in the time required to obtain a given volume 
of filtrate) (Fig. 2). 

4). For well-flocculated samples, the rate of filtration follows the rate of 
subsidence. The initial rate of filtration vs. the square of the rate of subsid- 
ence is linear for Hopewell slime (I) with Flocgel contents of 40-200 
p.p.m. (Fig. 3). The subsidence rate used for comparison is that obtained 
for the portion of the subsidence curve representing the greatest subsidence 
rate. 

An explanation of this relationship follows from the Stokes’ law of fall in 
4 viscous medium and Poiseuille’s law of flow through capillaries. The rate 
of free fall of the effective sphere, which is also the approximate subsidence 
rate, —dh/dt, depends primarily upon 7? for flocs of constant density, 
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FILTRATION TIME IN MINUTES 


° 2 4 6 8 10 
VOLUME SATURATED Ca(OH),, CC. 


Fra. 2. Shows time required to collect various volumes of filtrate vs. volume of 
saturated Ca(OH). added to 100 ml. of Hopewell slime (1). 


Solids Amt. Flocgel Volume filtrate collected 
(%) (p.p.m. (ml.) 
A 5 0 50 
B 9) 10 20 
C 5 10 10 
D 229 10 - 20 
1D) 2.5 10 10 


where r is the effective radius of a sphere equivalent to the floc; 1.e., 
adh 
dt 

According to Poiseuille’s law, the rate of flow of a liquid through a capillary 

is proportional to R*, where # is the effective radius of the capillaries in 

the cake, or the pores in the filter, or in this case, the space between flocs. 

In general, R « r,i.e., the radius of the capillary between flocs should be 

proportional to the radii of the flocs, when they are considered as closely 
packed spheres. 


Kr’. 


Rt «(r?)? 
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Fic. 3. Relative initial filtration rate (reciprocal of the time required to collect 
10 ml. of filtrate) vs. the square of the relative subsidence rate in (graduations of 
cylinder)? hour~?. Left axis: A—Hopewell slime 5% solids; 10 ml. sat. Ca(OH). per 
100 ml. slime. Floegel contents 40-200 p.p-m. Right axis: B—Hopewell slime 2.5% 
solids; 2 ml. sat. Ca(OH)s per 100 ml: slime. Flocgel contents 20-200 p.p.m. 


and 


2 
. (filtration rate) « (-) 
or the rate of filtration is proportional to the square of the rate of sub- 
sidence, as observed (Fig. 3). 

Another phosphate slime studied extensively in early investigations 
with starches was a slime prepared from so-called leached-zone material 
and designated as slime IIT (see paper I for description). The subsidence 
and filtration of this slime were studied using an ordinary potato starch 
marketed by A. Goodman Co., Long Island City, New York, as flocculant. 
The studies showed that the behavior of slimes I and III is qualitatively 
the same. 

An interesting effect on filtration rates, especially noticeable in this 
case, was found when the time required to collect given volumes of filtrate 
is plotted against the added potato starch (Fig. 4). For starch contents of 
0-25 p.p.m. the time required to obtain a given volume of filtrate increases, 
i.e., the rate of filtration decreases. For starch contents greater than 25 
p.p.m. the filtration rate again increases steadily with increasing starch 
addition. Taking for comparison the time required to obtain 50 ml. of 
filtrate, it is shown that the filtration rate for 500 p.p.m. of starch present is 


INVESTIGATIONS OF PHOSPHATE SLIMES. II ald 
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NO ELECTROLYTE 


TIME TO COLLECT A GIVEN VOLUME OF FILTRATE, MINUTES 
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AMOUNT (GOODMAN) POTATO STARCH, PPM 


Fig. 4. Shows time required to collect different volumes of filtrate as a function 
of added Goodman potato starch. Leached zone slime III, 4% solids. No electrolyte 
added. 


about 10 times as great as that for the untreated sample. This behavior 
was also observed for Hopewell slime (I) and evidently occurs only where 
little or no electrolyte is present. 

In all these filtration experiments, fluted paper was used to avoid having 
a liquid column in the stem of the funnel. As the liquid passes through the 
filter the pressure (head) is reduced as the height of the liquid in the funnel 
falls. For a cone the volume is 4 7 7h, where r = the radius of the base 
and h = the height of the cone, and also tan @ = r/h, where tan @ is the 
tangent of 14 the angle of the cone at the apex, and is constant for a given 
funnel. 

Therefore r = kh, where kis a constant and V (volume of the cone) = 44m 
k2h3. The area of the side of acone, A = arv/7r? + Hi? or A = rk? Vk? +1. 

For filtration through a conical fluted filter these expressions for volume 
and area represent approximately the volume of liquid in the cone and 


the area of escape, respectively. 
The D’Arcy equation for rate of filtration may now be applied (4), i.e., 


dV J EAG 
dt ae 
where P = pressure difference across the cake; 


A = filtration area; 
L = thickness of the cake; 
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kK = acharacteristic factor determined by the particle size, porosity 
of the cake, and the nature of the solid material. 


In the filtration experiments described here (for any given solid content), 
L is essentially constant as shown by experiment. 

The pressure difference is proportional to h, the height of the liquid 
in the filter, and A « h?. Therefore 


where K’ is a constant involving K/L and other constants of propor- 
tionality between A « h? and P « h. The volume of the liquid in the 
funnel = 14 rkh and dV/dt is proportional to the volume of the liquid 
in the funnel = V7, where V7 = the original volume of water in the sample, 
V = the volume of filtrate already collected at time t. So that dv/dt = 
K” (Vr — V), which integrates to —log (Vr — V) = K”/2.3t+ c, which 
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Fig. 5. The data of Fig. 4 plotted as logio (Vr — V) vs. time in minutes, where 


Vr = total volume of water (ml.) in slime sample, and V = volume of filtrate col- 
lected in time f¢. 
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indicates that a plot of log (Vr — V). vs. t should be linear, with the slope 
K/2.3 proportional to the actual filtration rate constant. 

Figure 5 shows the data of Fig. 4 plotted in this way. A control with 
water and filter paper alone is included. For example, the actual volume of 
free water in the slime samples (V7) was calculated to be 78 ml. for a 100-ml. 
sample of slime III (4% solids) used in these experiments. The data of 
Fig. 5 show some deviation from linearity in the early stages of filtration, 
which may be attributed to the deposition of solid on the paper during 
filtration. Thus the filtration rate gradually decreases at first and finally 
reaches a constant value after the deposition of the solid is completed. 

A comparison of the linear portion for the slime III samples (4% solids) 
containing 0 and 500 p.p.m. of Goodman’s potato starch shows that the 
rate of filtration of the latter is 13 times as great as the former. The sample 
containing 500 p.p.m. of starch filtered at a rate which was only 3 times as 
slow as the control with water alone. This method of representing the 
filtration data demonstrates that the use of potato starch in amounts up 
to 500 p.p.m. leads to improvements in filtration rate by a factor greater 
than 10. 


CONCLUSION 


The effectiveness of potato starches as compared to corn starches and 
other starches containing no phosphate was attributed to the cross-linking 
made possible by cations (such as Cat+) producing insoluble phosphates 
with the production of a three-dimensional network and hence large flocs. 

In all cases tested various purified corn starches, modified corn, or im- 
pure corn starches were found to be ineffective. The effectiveness of various 
potato starches is attributed to the phosphate content. Subsequently 
extensive tests of various commercially available starches and starch 
derivatives were made in our laboratories. All these products were tested 
qualitatively and in some cases quantitatively with respect to efficiency in 
improving flocculation, subsidence, and filtration. 

Later a specifically detailed investigation of carboxylated, phosphory- 
lated, and various aminated derivatives of corn starch and dextrans was 
carried out by Drs. Beckmann and Roger of the Columbia University 
Laboratories; it will be reported in a later paper of this series. 
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ABSTRACT 


Two types of subsidence curves have been observed depending upon whether 
flocculation is initially rapid or relatively slow, corresponding to the initial limiting 
slopes, on a time plot of the height of subsiding column, which are, respectively, 
very large or nearly zero. Rapid initial subsidence leads more often to a larger final 
subsidence volume than does a slower initial subsidence rate. An empirical equation 
which represents the subsidence data of well-flocculated slimes in linear form is 
shown to be identical with an equation derived theoretically using flow theory. 
The theoretical equation is identical with the empirical only if the volume density 
of solid is at any instant uniform throughout the subsiding column. This can be 
interpreted in terms of a three-dimensional network of particles being gradually 
and uniformly compressed during subsidence and shows that the process is not one 
of the independent settling of particles. The structure extends continuously 
throughout the sedimenting slime if sufficient solid, unflocculating agent is pres- 
ent. 


A. INTRODUCTION 


This is the third paper of a series reporting investigations on the floccu- 
lation, subsidence, and filtration of uraniferous phosphate slimes initiated 
by the Chemical Research and Raw Materials Divisions of the Atomic 
Energy Commission in 1951. 

In this paper we treat the subsidence data quantitatively in terms of 
empirical and theoretical relations. A study of the subsidence of thick sus- 
pensions has been used by many investigators (1) in preference to the 
standard methods of sedimentation. In subsidence (in contradistinction to 
sedimentation), the rate of downward movement of the boundary between 
clear liquid and the solid is measured rather than the rate of accumulation 

1 Supported by funds from Contract AT (30-1) 1189 between Columbia Univer- 
sity and the A.E.C. 

* Presented before the Colloid Division of the American Chemical Society, at 
the New York meeting, September, 1954. 
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of solid at the bottom. Sedimentation is more significant from the point of 
view of the present objectives of interest since it also measures the rate of 
decrease of the volume occupied by the solid, i.e., the packing rate. Steinour 
(2) has shown that the initial rate of subsidence of thick suspensions was 
proportional to a function of the initial volume fraction of liquid. Similar 
studies have been made by others, but only limited aspects of the problem 
were investigated. Recently, Kynch (3) developed an expression for subsi- 
dence which applies throughout the entire process. However, the method 
of testing data is cumbersome, since no complete analytical solutions could 
be obtained. 


B. ExpPERIMENTAL METHOD 


Samples of slimes were prepared by dilution of stock slimes (see paper I 
of this series) with distilled water. In some series of experiments, the pH 
was adjusted to that of the stock slime to control this variable. 

The slime sample and various amounts of the flocculating agent (final 
volume 100 ml.) were mixed in 100-ml. graduate cylinders. In those experi- 
ments in which starches were used as flocculating agents, Ca(OH). was 
sometimes added. The slime and reagents were mixed by inverting the 
cylinder (10-40 times in 2 minutes) to obtain uniform mixing; the subsi- 
dence measurements were then made by recording the height of the solid- 
liquid boundary in terms of the graduations on the cylinder as a function 
of time. The subsidence rates of the untreated slimes, and slimes with 
Ca(OH), only, were used as controls in each series of experiments. The 
graduated cylinders were selected so that the cross section, and hence the 
height of the graduations, were the same throughout. 


C. ExPERIMENTAL RESULTS 


With phosphate slimes of different types of preparation and origin, two 
types of subsidence curves are observed depending upon whether the floc- 
culation is initially rapid or relatively slow. On a time plot of the height of 
subsiding column these two types possess initial limiting slopes which are, 
respectively, very large or approach zero, as shown in Fig. 1. The shape 
of the subsidence curves can be interpreted on the basis of the following 
processes being operative. ole 

1. In some cases a relatively slow flocculation takes place initially. In 
these cases, the rate of subsidence is initially slow and gradually increases, 
indicating that the particle size becomes progressively larger as a result of 
the flocculation process (region Al). 

2. Eventually, a floc size is obtained after which the settling rate remains 
constant for some time (region BI). On the other hand, a constant subsi- 
dence rate is observed immediately where flocculation is rapid (II). 

The interpretation given to the first parts of Curves I and II of Fig. 1 
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Fig. 1. Shows variation of subsidence vs. time for unflocculated and 
well-flocculated slimes. 


is in accord with the interpretation of sedimentation (accumulation) curves 
of similar shape obtained by Odén (4) by sedimentation analysis of con- 
centrated sulfur and barium sulfate suspensions flocculated by the addition 
of various amounts of electrolytes. 

a). The time required to reach point “a” on curves of type I will be 
greater, the slower the rate of flocculation. 

b). The rate of subsidence from points “a” to “b” will be dependent on 
the final size and structure of floes produced. 

The factors determining the portions “a” and “b” above will be de- 
pendent on the size, number, and composition of the particles, the concen- 
tration and composition of the flocculation agent, and other chemical 
factors such as pH and electrolyte concentration. 

In the region ¢, a final compression of the sediment occurs leading to a 
final volume which will be dependent upon the processes which occurred in 
both (a) and (b). 

Some of the results obtained with a typical Florida phosphate slime 
(obtained from an old pond of the Hopewell Mine of the Coronet Phosphate 
Co.) and a certain flocculating agent (Flocgel*) are shown in Fig. 2. The 


*Trade name for a modified potato starch sold by W. A. Scholten Chemische 
Fabrieken, Foxhol, Netherlands. 
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Fig. 2. Shows subsidence level (in terms of the graduations on the cylinder) vs. 
the time in hours after adding reagents. Hopewell slime (I) 5% solids. Each sample 
contains 10 ml. of added saturated Ca(OH): per 100 ml. of slime and vari- 
ous amounts of added Flocgel to give the following final concentrations in p.p.m. 
A—0 p.p.m. B—10 p.p.m. C—20 p.p.m. D—40 p.p.m. E—70 p.p.m. F—200 p.p.m. 


samples contained the same amount of Ca(OH), and progressive amounts 
of Flocgel (0-200 p.p.m.). In general subsidence curves of the two types 
discussed above are obtained experimentally depending upon the amount 
of Flocgel added. 

A blank of the untreated slime (not shown in the figure) exhibited frac- 
tional settling and the supernatant liquid remained very turbid. Since some 
of the particles in this slime were of the order of 0.2 » equivalent radius, no 
settling of these particles occurred within the period of observation (25 
hours). Consequently only various degrees of turbidity differences were 
observed between the top and the bottom of the column. 

The biank containing no Flocgel but with added Ca(OH), is typical of 
the behavior to be expected in the flocculation by electrolyte alone, leading 
to a more compact floc than that obtained with potato starch. More pre- 
cisely, there results a packed granular precipitate which filters very poorly. 
In general, sufficient potato starch or synthetic polyelectrolyte produces a 
more loosely packed floc with an entirely different filtration behavior as 
compared to simple electrolyte flocculation. 

The sample with electrolyte alone gave a subsidence rate that was initi- 
ally slow (zero limiting slope) because of the slow flocculation process. The 
relatively rapid subsidence rate (after initial flocculation) may be attributed 
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to the close packing of primary particles in the flocs having a relatively 
large density but still a relatively small size. 

For a compact floc, the subsidence rate may be relatively rapid owing to 
the density’s being relatively large for a small size. However, with a floc- 
culating starch or polyelectrolyte present, the flocs formed are large and 
possess an open structure. Although the incorporation of water makes the 
average density of the floc smaller, the larger value of the radius contributes 
to a faster rate of subsidence, since settling rates depend (roughly) on the 
square of radius in accordance with Stokes’ law. 

For these reasons, a sample containing electrolyte alone could sediment 
more rapidly in a limited range than one containing extremely small 
amounts (in this case, 0-30 p.p.m.) of a flocculating starch. However, the 
sample containing Ca(OH), alone is inferior to those which also contain 
40-200 p.p.m. of Flocgel. With sufficient amounts of Flocgel (40-200 
p.p.m.), the subsidence rate is initially fast and constant immediately after 
adding and mixing the reagents, showing that flocculation was completed. 

Very small amounts of flocculating starches (0 to about 30 p.p.m.) pro- 
duce slower sedimentation than those of a “blank” in at least one other 
slime, using Goodman’s potato starch.4 This behavior is reflected more 
clearly in the filtration rates to be discussed in paper IV. 

For the samples containing relatively large amounts of flocculating starch, 
the final sediment volume is often larger than in those containing smaller 
amounts. Troelstra and Kruyt (5) and others explain the variations in final 
sediment volume as follows: 

When the particles possess high electric charge, the suspensions are 
stable and settle slowly. However, it is usually observed that in this case 
the final settled volume of the solid is small because the particles eventually 
take positions of minimum potential with respect to each other. These 
positions lead to a relatively densely packed solid after sufficient time. 

On the other hand, when the particles are flocculated by electrolytes 
and/or special agents (starches or polyelectrolytes) the particles are united 
rapidly and in a haphazard manner, forming a relatively loose or porous 
structure. Owing to the haphazard association of particles in rapid floccula- 
tion, the final settled volume of the sediment will be greater than in the 
case of the more stable suspensions. Although the data of this paper are 
primarily restricted to starch as the flocculating agent, later work (1953) 
with synthetic polyelectrolytes and gums corroborates the conclusions 
drawn from the starch studies. 


D, REPRESENTATION OF Data By AN Emptrtcat EQuaTIion 


Much of the subsidence data obtained with these thick slimes can be well 
represented by the following simple equation 


* A. Goodman & Company, Long Island City, New York. 
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poy t Bt (1 
where ho = initial height of the subsidence level, h = height of the subsi- 
dence level after time, ¢, and a and 8 are constants independent of time. 

This empirical equation applies only where (1) the flocculation was 
initially very rapid and complete, and (2) where the solid content is reason- 
ably high. In cases where it does not apply, the deviations observed when 
the function is plotted are generally as follows (Fig. 3): 


t 
Figs 3: 
t 


ho — h 
slope (I), the subsidence curve is of the type shown in Fig. 4, 


In cases where the 


vs. t shows an appreciable early region of negative 


t 
Fig. 4. 


indicating that initially flocculation is slow. In cases where eurves of type 
II are observed, the subsidence curves are usually of the type shown in 
Fig. 5. ‘— 

The cases where Eq. [1] above is valid throughout exhibit subsidence curves 
similar to type II (see Fig. 6). The excellent conformity to Eq. [1] is exhibi- 
ted by many different slimes of relatively high solid content when well 
flocculated. In cases where Eq. [1] is not valid throughout, one can obtain 
concordance with Eq. [1] by choosing a new and later reference time, i.e., 
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Fig. 5. 


10't/(he-h), HRS.(CYL. GRAD)! 


ie) ! i 3 4 5 6 iv: 8 ) 
TIME IN HOURS 


Fie. 6. Shows data on subsidence of Hopewell slime I (5% solids) treated with 
500 p.p.m. of Floegel and 10 ml. of saturated Ca(OH). per 100 ml. of slime plotted 


according to Eq. [1] as Wise Ue 


lip —h 


after subsidence has begun. The subsidence level is taken as ho for t = 0 
as in Fig. 7. 


? 


Further consideration of Eq. [1] reveals that the slope (8) = zoe ; 
0 — hy 
where h, is the final height of the solid after subsidence is complete. The 


intercept (a) = — where vp is the initial velocity of subsidence. These re- 
0 


lationships may be obtained as follows: 
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Fig. 7. Shows subsidence data for a diluted Noralyn slime (0.37% solids) II of 
the International Minerals & Chemical Co. (Mulberry, Florida) plotted according 
to Eq. [1]. 


A. Plot of 
over 


t rs : ak 
h vs. ¢ using original reference time ¢ = 0. Original hy = 100. 
an 


vs. ¢ choosing as new reference time ¢ = 30 min. as ¢ = 0. New 


t 
B. Plot of 
aay 


ho = 72. Sample contained 50 p.p.m. of added Flocgel. 


To obtain B, divide Eq. [1] by ¢ and lett > ©. Then h > hy and =O 


to give eh ag B. From Eq. [1] it may be shown that — = v= 
ho — hy dt 


= <e eee , where v is the velocity of subsidence. Let ¢ — 0, then v — w and 
(a + ft)? 
1 
a=—., 
o . . 
The agreement between experimental and calculated values of 6 is satis- 
factory for cases where Eq. [1] applies and the subsidence is followed to 


completion. 
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Explanation: An explanation of the relation between the type of subsi- 
dence curve and the applicability of Eq. [1] follows: 


Substituting for a + #t in terms of he a rae 
_ whe — hy! _ 
t 3’ 

V5 

x= -, 

v 
edn the E vs. t plot, : decreases if » is increasing. This 
ho —h ho —h 


occurs in a slowly flocculating slime. If » is constant as in unhindered fall 


of particles of constant size is constant as expected, and if v is 


eas 
ay 


decreasing as in compression, then vs. t increases. In the latter case, 


aren 
ho —h 
the result can be derived theoretically, as will now be shown. 


E. DERIVATION OF THEORETICAL EQUATION 


As the starting point for the derivation, an equation of continuity appli- 
cable to the subsidence process must be obtained. Such an equation has 
been derived elsewhere (6). The result is 


O(pv) Op 
ah at’ [2] 
or 
av, 8p _ dp 
pig ret ae BI 


This is identical with an equation of continuity for a gas flow process (7) 
where in the present case, p = volume density of solid, i.e., the volume of 
solid per unit volume of free water. The volume of free water is the volume 
of water between the subsidence level and the bottom of the cylinder, since 
clear water above the subsidence level no longer contains any solid. 


dh 
eae ae the rate of fall of the level between solid and clear liquid. 


In order to derive a theoretical equation identical in form with Eq. [1], 
a significant requirement appeared, namely, it was necessary to assume 
that the volume density of solid (p) was at any instant the same throughout 
the whole subsiding column. This can be understood only if the flocculated 
solid forms a network of particles in close contact which is being gradually 
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and uniformly compressed by the effect of gravity. Now 


ns total volume of solid 
volume of free water’ 
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After complete compression has occurred, the final height of solid is h y. The 
total amount of solid in the cylinder is constant. Therefore, the total volume 
of solid V, = A(h; — c), where A = cross-sectional area of cylinder and 
c is a factor representing the water remaining in the network when h has 
reached h,. The volume of free water is the total volume measured from the 
subsidence level, h, down to the bottom of the cylinder minus the volume 


of solid. 
*. volume of free water = A(h — hy + 0); 
sue, WAGs 22.0) & Nitsa... , 
(PA A=hy +0) hh Fe? 
82 yo) ah 
“Ot > (h—hy +)? dé’ 
but 
_ dh = Vv 
dt : 
Op: & (hy — c)v 
ab (kh — hy +o)?’ 
and from [4] 
Op eirike int onipeene)iage 
oh (h — hy +c)?” 


Substituting the values of [5] and [6] in [3] 


ira als, eee One hye, 
(h — hy +c) Oh (h — hy + c)? (h — hy +c)? 
or 

dv 2u 

dh h—hyte 

oo and Inv = 2ln (h — hy +c) + const. 

Vv eeu, C 


Initially, when 
h = ho, v= v. 


*- const. = In vy — 2 In (ho — Ay + €)o 


[5] 
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v (h — hy + ©) 
= 21 ‘ 
ns a eZ) 
or 
vo (h-hy +0) 
V0 (ho = hy File c)? 
« is evident from the above and from Eq. [4] that v = u - = 
: ah 
Since v = Eis 
_ dh i vo(h — hy + c)” 
dt (ho — hy + c)?’ 
= dh = Vo dt 
(h-— hy Ee)? Cho sa ihay ec)?” 
and 
1 Uo t 
= t. 
(h —hip--*e) + (sec) po 
When t = 0, i = ho 
*. const. = ! 
ho = hy “HC 
and 
ho —h Vo t 


(h—hyte) (ho — hy +0) 
The last equation may be rearranged to give 


wie Beas a eee 
ho —h Vo (ho — hy +c) 


This is exactly the form found empirically and as previously explained 


the slopes of the lines (8) equal . The effect produced by the con- 


1 
ho — hy 
stant ¢ in the theoretical equation will be minor, since it will be small 
compared with ho — h,. The intercept is 1/v) as previously deduced. 

It should be emphasized that the density, p, is defined such that one 
obtains v — 0 at the end of the subsidence. This is equivalent to considering 
the actual subsidence distance allowable as ho — hy, i.e., in practical terms 
h = 0 when h = hy, since the column of solid can move no further. 


CONCLUSION 


In constructing a physical picture of the structure of the slime during 
subsidence, one significant requirement of the theory just described is that 
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the particle density (p) be uniform at any instant throughout the subsiding 
column. Since particles would fall essentially at constant velocity if suffi- 
cient space were available, it is evident that for a slime obeying Eq. [1] the 
particles are in contact or in close proximity. In cases where the solid con- 
tent is small (small h;), some time must elapse before sufficient crowding 
occurs. Accordingly, Eq. [1] will not be valid up to this point. If flocculation 
is also occurring, then the variation in particle size will contribute, since 
p is changing horizontally as well as vertically. The value of p (as defined) 
will change during flocculation, since the volume occupied by the particles 
is so changed. The complete flocculation of a given slime of given solid 
content leads to a greater degree of conformity with Eq. [1] than in the 
case of the unflocculated material. This is understandable since in the 
flocculated slime h, is usually greater than in the unflocculated case. There- 
fore, the effective volume of the particles is greater and contact of particles 
occurs higher in the suspension. Since at an earlier time flocculated slimes 
(initially) usually subside faster than unflocculated ones, the region of con- 
formity to Eq. [1] is reached sooner for this reason also. 

The values of hy are useful in comparing effective floc size using some 
assumptions concerning geometry. Relationships between subsidence and 
filtration rate have been obtained. Further investigations are being made 
with promising results. 
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ABSTRACT 


A study has been made of the deformation and strength in shear of joints be- 
tween two identical thin-walled metal cylinders using paraffin wax and nitrocellulose 
as adhesives. The breaking strength was proportional to the apparent area of metal 
joint and was always less than the tensile strength of carefully prepared samples 
of the adhesive. There was a large variation in breaking strength which increased as 
the joints were made thinner. This variation is reflected in a correspondingly large 
variation in the viscoelastic properties of the joints. A detailed analysis of the de- 
formation of typical joints has emphasized the necessity for further research on the 
mechanical behavior of carefully prepared samples of the adhesives. 


It has been suggested by De Bruyne and Houwink (1) that the ‘‘napkin 
ring”’ test for adhesion has certain advantages and might be of considerable 
use in any attempt to further our knowledge of the factors which affect 
the strength of metal-adhesive-metal joints. In this test, two thin-walled 
cylinders are glued together with a layer of adhesive and the system is tested 
by applying a torque to one of the cylinders while the other is held station- 
ary. It has been argued (1) that if the width of the adhesive layer 6R is very 
much less than the radius of the cylinders, the stress in the joint will be 
uniform and some of the stress concentrations which occur in other types 
of joints may be avoided. On this basis the shear stress, denoted by F, 
would be given by 


_ Torque 
 QnR8R’ UH 
where & and 6R are as illustrated in Fig. 1. 
There is some doubt as to whether the stress on a napkin ring joint may 
be described in this simple manner, but the test has other merits which 


make an investigation of it worth while. In particular, it is relatively easy 
to measure the deformation of the joint at any stage prior to fracture. It is 


* Present address: Suffield Experimental Station, Ralston, Alberta, Canada. 
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Fig. 1. A diagram of the napkin ring apparatus. 


reasonable to suspect that the measurement of such deformation would lead 
to a much better understanding of the mechanism of adhesion than would 
be obtained in a simple breaking strength set of experiments. In consequence 
a napkin ring apparatus was constructed with provision for the measure- 
ment of joint deformation before fracture, and it was used to study the 
behavior of some typical metal-adhesive-metal joints. 


Tue Napkin Rine APPARATUS 


The apparatus illustrated in Fig. 1 consisted of two 5.1 cm. diameter 
steel cylinders which were supported on a 2.5 cm. bearing. The bearing ran 
right through the axes of the cylinders and was fixed at both ends. The 
bearing and cylinders were machined as accurately as possible with the 
available facilities. The actual clearance between the movable cylinder and 
the bearing was less than }{o00 inch and any possible play was reduced by 
lubrication which was primarily used to allow the movable cylinder to move 
easily and smoothly. 

The joint to be tested was formed either between the steel cylinders or 
between the brass cylinders which were attached to the basic steel cylinder 
with four 34-inch B.A. steel bolts (Fig. 1). Either of the brass cylinders 
could be machined as required by placing the corresponding steel one on a 
mandrel in a lathe. The final finish on the surfaces to be stuck together was 
achieved by wringing the cylinders together using the various grades of 
Carborundum powder and finishing with jewellers’ rouge. 


Application of the Torque 


The load was applied to the handle of a large die holder which was firmly 
attached to the movable cylinder. To ensure a steady and reproducible rate 
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of loading, the torque was applied by means of a calibrated spring attached 
to a flat metal tape connected to a 4-inch diameter drum which was driven 
by a slow-speed electric motor and a gear system. The rate of loading could 
be altered by either changing the spring or attaching the spring at various 
points on the handle of the die holder. 


Measurement of Joint Deformation 


The deformation of the joint was measured with either of two techniques. 
In the first, a small plane mirror was bolted to the movable cylinder and 
changes in the direction of a beam of light reflected from its surface were 
indicated on a scale 2.5 meters away. In the second method, a Fielden 
proximity meter was connected to a fixed and insulated metal plate 1 inch 
square. This electrode was placed alongside an earthed 1 inch diameter disc 
connected to the movable cylinder. The output of the proximity meter was 
connected to a micro galvanometer which formed part of a photographic 
paper drum recorder setup. After appropriate calibration (using the optical 
system) the traces obtained on the drum recorder could be interpreted. 
This arrangement was of particular use in experiments of long duration or 
in detecting rapid changes in deformation. — 

A preliminary test was made to check the rigidity of the system so that 
changes other than those occurring in the joint would not interfere in the 
deformation measurements. This was done by clamping the two rings to- 
gether and applying various torques up to the maximum to be used in the | 
main experiments. A small amount of slip occurred in the first trial each — |} 
time the rigidity was tested. In repeats, the slip, if any, was not detectable 
and the system was elastic, behaving according to Hooke’s law as indicated 
in Fig. 2. To avoid any possible spurious slip in subsequent experiments the 
apparatus was always prestrained if any part was removed for alteration. 


0.8 


0.4 


Deflection (radiansx 103) 


Torque (kg. cm.) 


Fia. 2. Elastic strain of the napkin ring apparatus at various loads 


with the rings rigidly clamped together. 
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To check whether the connection between the rings was rigid enough in 
the above test, a solid brass ring was machined and connected to the steel 
cylinder in place of the two napkin rings. No appreciable difference was 
detected. Figure 2 was thus used with confidence in correcting the deforma- 
tion observed in the main experiments. 


Cleaning Procedure and Application of the Adhesives 


The rings were first wiped with a clean cloth. They were then washed in 
a warm Tepol solution and rinsed profusely with distilled water. After this 
they were hung in a trichlorethylene vapor degreasing chamber and finally 
placed in a vacuum desiccator for 20 minutes. 

Two adhesives were used, paraffin wax and nitrocellulose. To apply the 
paraffin wax, small pieces of it were placed on the metal surfaces which had 
been warmed in an oven. After the wax had run over the surface, the rings 
were wrung together. After allowing the joints to cool for 4 hours the excess 
wax was scraped off with a specially prepared metal tool, and the joint 
allowed to stand for a further 20 hours before testing. 

Before applying the nitrocellulose the rings were rinsed in acetone. A 
solution of the nitrocellulose in acetone was then spread on each of the 
surfaces to be stuck with the aid of a clean glass rod. The rings were then 
wrung together. In some experiments the joints were allowed to set in air 
for a specified time and in others they were placed in a vacuum desiccator 
for various times. Before testing, the excess adhesive was removed as in the 
case of the paraffin wax joints. The thickness of the joint in each case was 
measured using a microscope with a 44 X objective and a 15 X eyepiece 
containing a calibrated scale. 
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Fra. 3. The creep of a paraffin wax-brass joint. (Joint thickness 120 yw.) 
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Fig. 4. The recovery of a paraffin wax-brass joint. (Joint thickness 120 yz.) 


EXPERIMENTAL RESULTS 
Paraffin Wax Joints 


The creep of a typical paraffin wax-brass joint is illustrated in Fig. 3. 
All the results plotted are for the same joint. Figure 4 illustrates the re- 
covery of a paraffin wax-brass joint after removal of the load. With steel 
rings the results were similar. 

The load at which failure occurred was always less than 6.0 kg./em2. 
The value obtained seemed to depend to some extent on the previous 
history of the joint. For example, a repeat experiment at the same load 
led to rupture in some cases. 

Attempts to duplicate joints were not successful. Two joints formed in 
what appeared to be the same manner and of the same thickness behaved 
quite differently under load, and there was considerable difference in the 
breaking strength. However, it was a general rule that the easier a joint 
deformed the easier it was to break it. 


Nitrocellulose-Brass Joints 


The deformation of a nitrocellulose-brass joint is illustrated in Fig.~5,; 
both during stress and after removal of the load. It was generally found 
that the more easily a joint could be deformed the stronger it was, as 
illustrated in Fig. 6. This behavior was the reverse to that found with 
paraffin wax-brass joints. 

The nitrocellulose joints were easier to form than the wax joints and 
the deformation, being larger, was easier to measure. For these reasons 
they were examined in more detail than the wax joints. 

Figure 7 illustrates the breaking strength observed in creep experiments 
for nitrocellulose-brass joints of various thicknesses after being left in the 
air for 24 hours. These results were not affected to any marked degree 
either by placing the joints in a vacuum desiccator for various times or by 
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Fig. 5. The deformation of a nitrocellulose-brass joint. 


Fig. 6. The variation of the total deformation with stress for two typical 
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Fic. 7. The variation of the breaking strength of nitrocellulose-brass 
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Fig, 8. Illustration of the proportionality between the average force required to 
break a nitrocellulose-brass joint and the area of metal covered by adhesive. 


allowing them to set in air for as long as two weeks. There seems to be 
quite a large variation in the breaking strength of joints (as measured in 
shear creep experiments), and this variation increases as the joint thickness 
is decreased. 

Figure 8 illustrates the effect of changing the width of the adhesive 
layer, i.e., dR. The average force required to break a joint was proportional 
to the apparent area of the metal surfaces stuck together by the adhesive. 


ANALYSIS OF THE RESULTS 


Since it is not possible in most practical cases to be sure whether a joint 
fails in the adhesive rather than at the metal-adhesive interface, it is 
convenient to analyze the results of the experiments such as those described 
above on the basis that all the deformation occurs in the adhesive. Any 
differences between the actual results obtained and what may be expected 
from the behavior of large samples of the adhesive may then be examined 
to see whether they may be attributed (a) to interface effects or (b) to the 


fact that in adhesion experiments only very small samples of the adhesive 
are involved. 


Paraffin Wax-Metal Joints 


It is reasonable to expect that a layer of paraffin wax under stress would 
act in either of two ways. It might act asa suspension of elastic bodies (the 
crystals) suspended in a very viscous liquid (the amorphous region) or, on 
the other hand, it might act as a polycrystalline material. In the first 
case the theory of Frohlich and Sack (2) would be applicable. If the second 
behavior were more likely we would expect that Andrade’s empirical 
equation for the creep of polycrystalline materials would apply. Those 
joints which were strong enough to be adequately tested in the present 
experiments all acted as polycrystalline materials. 

It has been found (4) that at low stresses the creep of polycrystalline 
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metals is given by the simple empirical expression 


Dg a isle ? [2] 


where Dg denotes the creep at time ¢ and @ is a constant for a given load. 
Figure 9 illustrates the creep of a typical paraffin wax-brass joint plotted 
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Fie. 9. The deformation ¢ plots'/? of a typical paraffin wax-brass joint. 
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Fra. 10. The recovery of a typical paraffin wax-brass joint which has been 
stressed for 5 minutes at the loads indicated. 
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Fie. 11, The variation of the forward creep rate with stress for a 
paraffin wax-brass joint. 


as suggested by Eq. [2]. This would indicate that paraffin wax-metal joints 
which were strong enough to test exhibit ‘6 flow” up to or near to the failure 
point where more rapid deformation occurs. 

If the rapid flow has occurred during an experiment there appears to be 
an initial rapid recovery followed by a B recovery which is less than the 
forward creep rate. In addition the recovery is not complete (Fig. 10). 

The slope of the straight-line portion of the plots in Fig. 9 is equal to 8 
in each case; 8 is descriptive of the rate of B flow and depends on the 
stress as illustrated in Fig. 11. 

One obvious method of altering conditions so as to be able to determine 
the relative effects of the interface and the bulk adhesive would be to 
change the thickness of the joint. Unfortunately in practice it was not 
possible to do this and to be certain that the same crystalline structure 
and system of residual stresses prevailed in the adhesive. 


Nitrocellulose-Metal Joints 


An attempt was made to analyze the nitrocellulose joint deformation 
results using the well-known spring and dashpot models (5, 6) which are 
intended to represent the molecular behavior involving separation of 
atomic centers against attractive forces, orientation of chain segments, 
and the slippage of molecular chains past each other. Except at very low 
stress values it was necessary to introduce so many complicating factors 
that it was considered worth while to look for a different method of analyz- 
ing the results. 

Figure 12 illustrates the result of plotting the total deformation (D7) of 
a nitrocellulose-brass joint against #1. Although highly curved for small 
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Fig. 12. Deformation of a nitrocellulose-brass joint plotted against ¢/*. 
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0 100 200 
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Fig. 13. Illustration of the splitting up of the total deformation of a 
nitrocellulose-brass joint into its various parts. 


values of t, such plots became linear as ¢ increased. This suggests that 6 
creep occurs in nitrocellulose-brass joints. The slope of the dotted line as 
shown in Fig. 12 was taken as 8 in each case. This enabled the 6 creep to 
be calculated in each experiment as illustrated in Fig. 13. 

Subtracting the 6 creep (Dg) at any time from the corresponding total 
deformation (Dr) resulted in curves such as illustrated by the dotted 
curve in Fig. 13. In all cases the equations representing these curves were 


found to be of the form 
oe De Ds = Dr + O11 — €*), [3] 
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where D;, C, and a@ were constants for a given deformation experiment. 
Hence 


Dr 2D, et? Ode) [4] 


where D; may be taken as the instantaneous deformation of application 
of stress. 

After time r the load was released in each experiment and the total 
deformation decreased from Dz, and was adequately described by 


Dr = Dy, — Dr —- Bilt — ay Dr < Dp [5] 


where Dp is the permanent creep, Dz is the instantaneous recovery, and 
fi is a constant descriptive of the rate of flow in recovery and is not nec- 
essarily equal to 6 in Eq. [4]. 

All of the quantities in Eqs. [4] and [5] were determined for each joint 
under various loads. A typical result is summarized in Table I. 

A successful attempt to establish the significance of each of these quan- 
tities and to see whether there were any effects which could not be at- 
tributed to the adhesive itself must be regarded as a subject for further 
research, possibly involving a variety of experimental techniques. It is, 
however, worth while to examine data such as given in Table I. This is 
done briefly below and the points that warrant future research emphasized. 

a). Instantaneous Recovery. The instantaneous recovery of a joint (Dp) 
varied uniformly with stress. The elastic strain is defined by 

Elastic strain = ee [6] 


) 


where h is the thickness of the joint and Dy, is the instantaneous recover- 
able deformation measured in radians. A typical example of plotting the 
recoverable elastic strain against stress is illustrated in Fig. 14. 

The decrease in the elastic modulus for instantaneous recovery as the 


TABLE I 


Data Derived from a Typical Cellulose Nitrate-Brass Napkin Ring Joint Experiment 
(h = 1604, R = 0.8cm., R = 2.4 em.,7 = 300 sec.) 


Stress Drr Dr DR Dp B Dgr (ie a Bi 
kg./com2 X104 X104 104 X104 106 xX 104 104 106 
1.28 0.21 0.15 OFnL 0.10 0 0 0.06 0.04 0 
1.91 0.58 0.46 0.26 0.32 0 0 0.12 0.019 0 
2.32 0.70 0.52 0.32 0.38 2.58 0.17 0.01 = 0 
2.96 4.01 3.55 0.41 3.54 2.58 Neal’ 0.29 0.073 0 
3.54 2.97 Paes ht 0.51 2.42 2.10 0.14 0.06 0.029 1.08 
3.94 1.81 1.57 0.57 1.24 1.94 0.13 0.11 0.048 0 
4.75 4.69 4.49 0.73 3.84 1.45 0.10 0.10 0.011 1.60 
5.13 2.84 2.60 0.88 1.88 1B} 0.13 0.61 0.011 1.08 
5.91 2.47 2.31 0.99 1.42 ied) 0.12 0.04 0.073 1.70 
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Fic. 14. The stress-strain relation for a typical nitrocellulose-brass joint. 


stress was increased was apparent in all the joints which could be ade- 
quately examined. For convenience in discussing joints the slopes of the 
straight-line portion of curves such as the one given in Fig. 14 may be 
taken as being 1/Gz(~), where Gz(«) is the final value of the modulus of 
elasticity for instantaneous recovery. This modulus varied from 4 to 100 
kg./cm.? for the joints which could be adequately tested. 

Despite repeated attempts to control some of the various factors in- 
volved in the formation of joints which might affect Ge(~) it was not 
possible to form deliberately two joints having the same value of this 
modulus. 


Breaking strength (kg./cm2) 


0 40 80 
Gp (00) (kg./em.”) 


Fig. 15. Variation of the breaking strength of nitrocellulose-brass 
joints and the modulus Gp(o). 
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It was noticed that the smaller the modulus of elasticity, Ge(), the 
greater was the joint strength. This is illustrated in Fig. 15. 

The small values of this modulus would seem to mean that there is 
some sort of stress concentration or that the elasticity arises from weak 
elastic elements in the joint. The fact that joints which show the largest 
elastic deformation are the strongest would seem to rule out the first 
possibility unless some unrecognized factor is playing a part. 

As far as the instantaneous recovery of a joint is concerned three large 
problems remain to be solved. These are (a) the reason for the change in 
the modulus of elasticity with increase in stress, (b) the reason for the 
apparent relationship between Gg(%) and the strength of a joint, and (c) 
the reason for the great difficulty encountered in preparing joints of similar 
elastic properties. 

b). The Instantaneous Nonrecoverable Deformation. The difference be- 
tween D;, the instantaneous deformation of a joint on application of a 
load and Dp, the instantaneous recovery, may arise either from a rapid 
extension of easily extended elements in the system followed by a partial 
permanent set or from a possible brittle fracture of links. In a subsidiary 
set of experiments a joint was stressed for time 7, allowed to recover, and 
the process repeated several times using the same load. A typical result is 
summarized in Table II. 

These results can be qualitatively interpreted on the basis that on the 
first application of the load, all the links in a joint which cannot stand the 
stress are broken instantaneously. On the second application of the stress 
fewer links are broken. If this is the correct interpretation, the erratic 
nature of the quantity D; — Dr in the main experiments with nitro- 
cellulose-metal joints is understandable, since in adhesion tests very small 
samples of the adhesive are being sheared and also the stresses chosen in a 
given experiment were not evenly spaced. 


TABLE II 


Data Derived from a Cellulose Nitrate-Brass Napkin Ring Joint Experiment in Which 
a Stress of 2.7 kg./cm.2 was Applied Repeatedly 


(h = 40u,R =1.50m., R = 2.4 cm., 7 = 300 sec.) 


Expt. Dr Dr Dr Dp B Der C B1 
X10 xX104 104 104 106 10+ 104 X 106 
iL 9.04 8.94 0.48 8.50 0.9 0.06 0.04 Lat 
2 0.60 0.54 0.48 0.10 0.8 0.05 0.01 0.36 
3 0.50 0.44 0.44 0.03 1.0 0.07 0.01 0.6 
4 0.51 0.42 0.44 0.05 132 0.09 0.04 0 
5 0.46 0.42 0.40 0.02 0 0 0.04 0.6 
6 0.82 0.78 0.54 0523 0 0 0.04 0.8 
7g 1.85 1.81 0.78 0.93 0 0 0.04 0 
8 0.44 0.42 0.42 0 0 0 0.02 0 
9 0.44 0.44 0.42 0 0 0 0 0 
10 0.52 0.50 0.50 0 0 0 0.02 0 
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This interpretation suggests a more convenient method of assessing 
D; — Dp in any experiment. If it is a brittle rupture of links, then one 
would expect that the total “give” up to and including the application of 
the nth stress in a given experiment, denoted by x, would be 


PG ae be (D; cr Dp). [7] 


As would be expected this quantity varies much more uniformly with 
stress than the separate values of D; — Dr. Figure 16 illustrates its varia- 
tion with stress for two typical joints having the same adhesive layer 


thickness. The stronger joint would seem to be more resistant to instan- 
taneous permanent “‘give.”’ 


16 Rupture Rupture 
v ¢ 


~m 
= 
a / 
q 
pee d h=160u 
a 


Stress (kg./cm.2) 


Fra. 16. Variation of the total instantaneous permanent “give” for two'nitrocellulose 
brass joints of the same adhesive!layer thickness. 


Rupture 


Stress (kg./cm.2) 


Fic. 17. Variation of the total instantaneous permanent “give”’ for two nitro- 
cellulose-brass joints with different adhesive layer thicknesses. 
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Figure 17 illustrates the variation of x with stress for two joints of 
different thickness. For some reason the strong thin joint was more per- 
manently deformed by instantaneous “give.” 

It was not possible to trace the origin of this instantaneous “give” with 
certainty. It would be very interesting to know whether it is related to the 
well-known appearance of cracks in a substance like nitrocellulose giving 
it a milky appearance prior to rupture. 

c). Time-Dependent Deformation. The creep of nitrocellulose-metal joints 
is apparently made up of two parts (a) a B flow which is either wholly or 
partially recoverable and (b) a flow which is described by C(l — &*’). 

The significance of this second type of deformation is an open question. 
It may be due to an extension of flexible elements in the nitrocellulose (or 
at interfaces) against a viscous resistance followed by a permanent set, or 
it may be time-dependent breakage. 

d). Breaking Strength. The large variation in the breaking strength of 
nitrocellulose-metal joints is not surprising in view of the corresponding 
variation in the viscoelastic properties of the joints. 

It is interesting to note that although it is possible to get the strongest 
joints by making the layer of adhesive thin, there is no guarantee that a 
thin joint will always be stronger than a thick one. 

The value of the breaking strength was always very much less than the 
tensile strength of well-orientated nitrocellulose film. There are a variety 
of possible reasons for this, among which the relatively crude way in which 
films are prepared in adhesion experiments is probably of considerable 
importance. 

Finally, the data illustrated in Fig. 8 would seem to indicate that edge 
effects such as occur in lap joints are either not present in the napkin ring 
test or are masked by some other factor. 


CONCLUSION 


The present examination of the napkin ring type of joint has revealed 
that it should be a most useful technique in future adhesion research, es- 
pecially if the viscoelastic behavior as well as the breaking strength of 
joints is assessed. 

The outstanding problem in adhesion experiments is the difficulty en- 
countered in trying to form joints having the same viscoelastic properties. 
This difficulty is reflected in the large variation in the practical strength of 
joints. 

The failure of a joint appears to be intimately related to the rupture of 
the adhesive and to sort out the factors which are peculiar to adhesion at 
the interface it will be necessary to know more about the adhesives them- 
selves at high stress, 
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I. IntRopucTIon 


The term “catalysis” used in connection with vinyl-type addition poly- 
merization designates in reality an initiation of an exothermic chain reac- 
tion. Whether the starting of the chains is effected by free radicals, positive 
carbonium ions, or negative carbanions, the so-called catalysts are essen- 
tially providing active centers for the initiation of chain growth. In the 
course of the last 25 years a considerable knowledge and know-how has 
been accumulated concerning our capacity to produce such active centers at 
desired concentrations over predetermined periods of time, and it is fair to 
say that we have a considerable fundamental understanding and practical 
control of the starting of vinyl-type polymer chains. We also can influence 
to a certain degree the termination of chain growth by the introduction of 
telomers or modifiers both of which accelerate the cessation reaction and 
bring the whole process of polymerization to an end. Vice versa, we can 
delay the recombination of radicals by increasing the viscosity of the me- 
dium and thereby reducing the probability of the termination steps. 

Until recently, however, we have not been able to affect in any way the 
propagation reaction, that is, the manner in which each new individual 
unit is added to the growing chain by the methods now known. Once a 
chain is started it keeps on growing according to the laws of random colli- 
sions between the active chain ends and the monomer molecules. Apart 
from transfer steps which actually do not interrupt the kinetic but only the 
physical chains, or such either trivial or ineffective influences at our disposal 
as enhancing or delaying the exchange of the heat of reaction, changing the 
solvent, or changing the dielectric constant, there were no means to acceler- 
ate or delay the elementary step of addition, nor were we in the position to 
control the geometrical arrangement of the individual monomers and 
their substituents as they enter the growing chain. 

It now seems that developments of the last 10 years begin to yield clues 
and perspectives as to how to gain a certain control over the details of the 
propagation step in vinyl-type polymerization. In most cases the essential 
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step is to induce chain growth at a liquid-solid interface in such a manner 
that specific sites may exert a strong activating and directing influence on 
the actual process of addition of the individual monomer units to the grow- 
ing chain. It is the purpose of this article to give a brief review of certain 
phases of this rapidly growing field. 


Il. Specrric INSTANCES OF INTERFACE POLYMERIZATION 


As early as 1935 E. K. Rideal and his collaborators (1) started to investi- 
gate the mechanism of vinyl-type polymerization, including polymerization 
at interfaces, and found that vinylacetate can be polymerized at an aqueous 
surface at a considerable rate, and that butadiene polymerizes rapidly 
when brought into contact with a solution of H2,O: in water. 

In 1948 C. E. Schildknecht (2) reported that he had succeeded in obtain- 
ing two different types of polyvinyl isobutyl ether, one essentially resulting 
from polymerization at low temperatures, and another which is formed 
whenever the reaction is carried out at more elevated temperatures but is 
moderated by using Friedel-Crafts’ etherates. The “low-temperature” 
polymer, produced by a so-called proliferous reaction in the course of which 
a gel-liquid interface does appear in the system, is a crystalline, hard, and 
resinous material which melts around 70°C., whereas the “‘high-tempera- 
ture” material is a soft, amorphous, rubbery mass which resembles polyiso- 
butylene, rubber, or GR-S. Both materials can be dissolved, although the 
rubbery modification is more easily soluble; their osmotic molecular weights 
are of the same order of magnitude and there is no indication that one is 
more branched than the other. It was therefore assumed (3) that the differ- 
ence in behavior is caused by a different arrangement of the substituents 
along the length of the macromolecular backbone chains whereby the hard 
resinous modification possesses the more regular arrangement and, there- 
fore, a higher tendency to crystallize. Schildknecht points out that this 
modification is regularly obtained when the system is heterogeneous, 
whereas the soft rubbery material results if polymerization takes place in 
a homogeneous environment. 

At about the same time A. A. Morton (4) reported the discovery of a new 
type of polybutadiene prepared with the aid of special catalytic systems, 
the so-called Alfin catalysts. It was well known that butadiene can be poly- 
merized by free radical, as well as by ionic, initiation to give rubbery poly- 
mers which contain the individual monomer units in 1,4- and 1,2-addition, 
and which have a great tendency to cross-link at later stages of the reaction 
because of the presence of the relatively reactive pending vinyl double 
bonds, resulting from the 1 ,2-additions. The double bonds which are located 
in the backbone chains resulting from the 1,4-additions are partly in the 
trans- and partly in the cis-configuration, with the result that these ‘‘nor- 
mal” butadiene polymers have a rather irregular chain structure and are 
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not capable of crystallizing even if the samples are oriented by stretching 
for several hundred per cent. Morton, however, was able to prepare poly- 
butadienes of very high molecular weights (up to several millions) at high 
rates and conversion without running into the difficulty of gelation. Infrared 
analysis demonstrated that the macromolocules contained only a few 1,2- 
additions, and that the double bonds in the chains were essentially in the 
trans configuration (5). 

The specific catalysts for this type of reaction were prepared by reacting 
sodium isopropylate in a hydrocarbon solvent with allylcholoride, which 
leads to the formation of NaCl, sodium allylate, and an alcoholate-olefin 
complex. From the variations of this system the essential characteristics 
seem to be that a finely divided salt is suspended in a hydrocarbon vehicle 
and that an organometallic compound is complexed with the olefin and the 
complex adsorbed on the dispersed solid salt. 

In an important modification of the older sodium butadiene polymeriza- 
tion, Stavely and co-workers (6) of the Firestone Company showed that an 
all-cis isoprene can be obtained by an apparent gel phase polymerization of 
the liquid monomer initiated by finely divided lithium metal. The same 
polymer has further been prepared by workers of the Goodrich Company 
with the aid of a metal halide-metal alkyl catalyst (7). Recently it was 
announced in a preliminary fashion by workers of the Eastman Kodak 
Company (8) that crystallizable polystyrene can be obtained in liquid 
phase by employing an Alfin catalyst. 

In 1953 K. Ziegler (9) discovered that ethylene can be polymerized at 
normal pressures and at room temperature in hydrocarbon solvents with the 
aid of aluminum alkyls, forming a-olefins containing 10-20 carbon atoms. 
In a systematic effort to control the molecular weight distribution of the 
resulting product Ziegler made the additional discovery that polyethylene 
of very high molecular weight and unusual properties can be obtained at 
normal pressure and temperatures with a high rate of conversion if the 
aluminum alkyls are used in the presence of metal halides which can be re- 
duced to states of lower valency. The principal combination which Ziegler 
disclosed in his first patents ( 10) was TiCl, and AlEts in heptane or another 
aliphatic hydrocarbon vehicle. 

However, it appears that this composition is just one of many possible 
embodiments of a general principle, namely, the effectiveness of a surface 
complex, produced in the reaction of a metal alkyl and a metal halide, in 
which the halide metal atom isnot in its highest state of valency. More than 
a dozen metallic elements have been claimed to be effective complexing 
agents when used as the halide, and several (Be, Mg, Zn, Tl, and In) when 
forming the alkyl. Moreover, it seems that easily reducible organometallic 
compounds such as acetyl acetonates also can be used instead of the halide, 
and that Grignard compounds, sesquihalides, complex hydrides, and mixed 
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alkyl hydrides may take the place of tri-alkyl aluminum. This is also shown 
by a large body of work which paralleled Ziegler’s as quoted, e.g., under 
Ref. (7, 12, 28). 

As far as the present information goes (11) it requires a dispersed solid 
phase of particles larger than colloidal size to provide the specific charac- 
teristics of the Ziegler reaction. These characteristics are not only the rapid 
formation of polymer of high molecular weight (up to several millions) at 
normal pressures and ordinary temperatures, but comprise also regularity 
of monomer addition as well as the absence of short-chain branching, so 
that the Ziegler polyethylene, e.g., is essentially a polymethylene and, as a 
consequence, has a higher tendency to crystallize, a higher density (0.95- 
0.96), a distinctly higher melting point (above 130°C.), and a greater resist- 
ance to the action of solvents and swelling agents than high-pressure poly- 
ethylene. 

G. Natta (12) extended Ziegler’s discovery shortly afterwards. By first 
using typical Ziegler catalysts, and later applying the principle of solid 
dispersed complexes between inorganic and organic metal compounds to a 
series of other combinations, he studied the polymerization of a-olefins and 
the nature’ of the resulting products. He found that, in fact, propylene, 
a-butylene, and styrene can be converted into high molecular weight mate- 
rials with the aid of this technique; he also established that the resulting 
polymers differed essentially from the corresponding “normal”? materials 
prepared in a homogeneous environment with the aid of free radicals or 
ionic catalysts. Whereas the known species of polypropylene, polybutylene, 
and polystyrene are linear (or slightly branched), amorphous polymers with 
relatively low softening ranges and with no indication of crystallinity even 
in the highly oriented state, Natta discovered that the polymers obtained 
with metal alkyl-metal halide complexes were linear macromolecules with 
a strong tendency to crystallize, having typical melting points at tempera- 
tures much higher than the softening ranges of the amorphous species. This 
is quite analogous to the two polyvinyl! isobutylethers of Schildknecht, and 
suggests a similar explanation for both phenomena. 

By a very careful X-ray study of well-oriented samples of crystalline 
polypropylene, polystyrene, and other a-olefins (13), Natta succeeded in 
establishing recently that in all these cases the substituents are arranged 
with a peculiar regularity which has never been found previously in vinyl 
polymers. Inside of the crystalline domains of polystyrene the chains are 
arranged in a helicoidal form such that the substituents have all the same 
steric configuration in respect to the backbone chain and that each mono- 
mer unit is turned 120°C. from the axes of its neighbors; thus forming an 
identity period of three units. Molecular models show this so-called gauche 
conformation to be the one of least interference between substituents and 
hydrogen atoms. If one would straighten out the backbone of a molecule 
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as a planar zigzag paraffin chain, all phenyl groups would be on the same 
side of the plane over a certain length of the chain, followed by a change- 
over to the other side of the plane and a stretch of substituents in this con- 
figuration, and so on. One arrives in this manner at a system of blocks of 
substituents in the d-configuration separated from each other by blocks of 
substituents in the /-configuration, or to what essentially is a “block” meso- 
form of polystyrene. Natta has proposed the adjective “isotactic” for 
viny! polymers with this specific arrangement of their substituents (12, 14) 
and has emphasized that the presence of a solid surface seems to be essential 
for inducing such a regularity of individual propagation steps. 

In a later paper (13) Natta demonstrated the existence of an all 1,2- 
polybutadiene in which the pending vinyl groups are regularly arranged in 
respect to the planar backbone chain in such a manner that there is a con- 
tinuous alternation from d to 1, back to d, and so on. Natta proposes for this 
type of regularity in the configuration of the substituents the name ““syn- 
dyotactic.” This type of polybutadiene is entirely different from all pre- 
viously obtained polymers of butadiene and represents a rigid crystalline 
resin with a melting point of about 140°C. The structure of its crystalline 
domains has been elucidated by Natta in a very thorough investigation 
with the aid of X-ray and electron diffraction (13) which established not 
only the regular d-l alternation of the pending vinyl groups but also the 
exact arrangements of the backbone chains in the lattice. 

Using a rather different system, namely, chromium oxide supported on 
silica, workers of the Phillips Petroleum Company (15) indicated in a trade 
journal that, after the earlier successful synthesis of polyethylene on the 
same catalyst, they were able to produce also all-cis-, all-trans-, and all 1,2 
polybutadiene. It should be noted that this catalyst appears to be of the 
spinel structure and thus to belong to a family of catalysts which has been 
used frequently in the past for catalytic reactions of unsaturated hydro- 
carbons. Similar systems are reported by the Standard Oil Co. of Indi- 
ana (15). 

Still more recently C. C. Price (16) and co-workers have uncovered a case 
of stereospecific synthesis which, although not vinyl polymerization, throws 
much light on the molecular configurations in the transition state. It was 
shown that l-propylene oxide, prepared by enzymatic reduction of hydroxy- 
acetone, when polymerized in organic solvents in the presence of potassium 
hydroxide powder yields a solid polymer of melting point 56°C. with a 
strong optical activity. The same polymerization process starting from in- 
active isopropylene oxide yielded only a low molecular weight oil which 
freezes at_ —65°C. When ferric chloride was used as catalyst (a process de- 
veloped by the Dow Company (17) yielding about 30% high molecular 
weight crystalline, optically inactive, material melting at 70°C. from 
racemic monomer) and applied to the l-isomer, only about 25% of crystal- 
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line, optically active, material was obtained. It follows that polymerization 
on potassium hydroxide surfaces does not lead to racemization, nor does it 
induce optical activity, whereas ferric chloride gives rise to a synthesis by a 
process which must involve some stereospecific direction, but without 
forming regular sequences. 


III. Some Concepts OF STEREOSPECIFIC CATALYSIS 


In trying to postulate mechanisms for these stereospecific reactions it is, 
first of all, not certain or even likely that they all follow similar mechanisms. 
It is not unlikely, however, that these reactions proceed by some common, 
basic steps, in the same way as, e.g., free radical polymerization, cationic 
polymerization by Friedel-Crafts’ catalysts, popcorn polymerizations, etc., 
are characterized by common steps. 

Assuming then that it is permissible to speak of common features, the 
following seem to hold for all stereospecific syntheses (18): 

a. Fairly fast overall rates at low temperatures and pressures. 

b. A distinct preponderance of linear polymerization over side reactions. 

c. The regularity of the resulting chains, in particular with respect to 
d- and /-configuration. 

We propose to attribute these characteristics to the following reaction 
features: 

a. Adsorption or complex formation, the energy of which permits the 
adoption of well-defined configurations of the reactants prior to, or in, 
the transition state (18). 

6. An effective cataysis, by polarization, adsorption and electron transfer, 
lowering the activation energies of the initiation as well as of the propaga- 
tion step. 

y. A structure and a life time of the transition state which either leads to 
a specific freezing of rotation or permits a suitable rearrangement between 
saddle points with relatively small energy differences. 

The mechanisms quoted under a-y should not be expected to correspond 
directly to the features quoted under a-c, but may combine with one 
another in producing the observed behavior. Certain conditions under @ in 
particular may eliminate, for example, the need for others under 7. In view 
of the Jarge number of factors and of their combinations that will have to 
be taken into account, we shall only briefly summarize those generally 
known features of complex formation and of heterogeneous catalysis which 
appear to be pertinent to our case. 

According to the concepts of surface catalysis, the surface may be the site 
of permanent, or adsorbed, particles which enhance the formation of the 
transition state (activated complex) or enter into it and are released again 
after the reaction. Alternatively, the surface may possess the ability to 
adsorb the reactant molecules, to displace electrons or electron pairs and 
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thus loosen bonds, or even to dissociate adsorbed molecules into groups 
which react with others arriving from the surrounding phase. Such chemical 
adsorption is quantitatively different from physical adsorption, in which 
the electron configuration of the adsorbed particles is only insignificantly 
altered. 

Further, for effective catalytic functions, the reacting groups have to be 
formed and removed at appropriate rates and the binding energy to the 
surface must be such that the heat and the activation energy of adsorption 
will not compete with those of the rearrangement. F inally, the often ob- 
served changes in the heats of adsorption with percentage surface covered 
must not lead to poor utilization of the surface area, and the proper bal- 
ance between mobile adsorption, which enhances a high rate of combination, 
and immobile adsorption, which is conducive to fixing specific configura- 
tions, must be preserved. 

As for the often assumed ability of the catalytic surface to act as electron 
sink, draining bonding electrons from the adsorbed molecules into unfilled 
orbitals of the catalyst (say into the d-shells of the transition elements) 
(18, 32) we shall have to consider in addition, the ability of the catalytic 
surface to supply electrons and thus act as a “Lewis base.” 

The factors responsible for heterogeneous catalysis referred to so far 
pertained to the lowering of the activation energies of initiation and prop- 
agation and thus to a speeding up of the reaction. In order to account for 
stereospecificity we must assume further that certain configurations of the 
transition state of the propagation step are favored by the catalytic surface. 
It will be remembered that W. Kuhn (19) has shown it to be necessary 
for optically active syntheses that the reactants join in a three-point contact 
at the moment of coupling. Only in this way may a specific optical config- 
uration of the one component enforce a specific configuration in the other 
component. A two-point contact is sufficient if there is a group exerting 
strong steric hindrance (amounting in effect to a third contact). We can see 
that in many cases the presence of a surface may provide steric hindrance 
to rotation and permit a directive influence of one configuration on to the 
other. 

In general, two joining groups are able to rotate around the axis of their 
approach (19). One has to expect for a stereospecific synthesis that the 
relation between average rotational energy and the magnitude of the rota- 
tional barriers be such that the energetically most favorable position can be 
reached and temporarily maintained. In uncatalyzed reactions which 
require full supply of the activation energy, i.e., which proceed at elevated 
temperatures, the rotational degrees of freedom will contain sufficient 
energy so as to prevent a dropping into the lowest potential energy well. 
In the presence of a catalytic surface, the reaction may proceed at a suffi- 
ciently low temperature, or the surface may act as a sufficiently strong 
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rotation barrier, to permit the two- or three-point contact necessary for 
stereosynthesis. Surfaces will assist further in conducting away the heat of 
reaction, and thus will again favor the assumption of specific positions. 

In the particular case of vinyl monomers with bulky side groups joing 
the growing end of a homo-polymer chain, it is to be expected that the side 
groups will be directed into the gauche position, provided the path and the 
energetics of the reaction will permit this. Gauche positions require substitu- 
ents on the same side of the chain, though 120° displaced, so that a succes- 
sion of gauche conformations amounts to a helicoidal succession of the same 
steric species. The adsorption of such chains will require very high speci- 
ficity and thus be highly selective as regards the catalyst. 

Finally, we shall have to employ the concept of steric complexes and of 
their formation and, in view of their widely varying nature from very loose 
molecular types held by van der Waals’ forces to rather stable ionic, or 
partly covalent, complexes or chelates we shall discuss the nature of the 
complex from case to case. 


IV. SuGGESTED MECHANISMS OF STEREOSPECIFIC SYNTHESES 


a. In starting to analyze the limited number of known facts in the light 
of the above general principles, the chemically simplest case appears to be 
that of the polymerization of dienes by lithium metal. This system contains 
only dispersed metal, inert solvent, and the monomer and is presumably 
related to the sodium polymerization of butadiene (20). The primary inter- 
action of lithium is, very probably, related to that of other cations with 
olefinic double bonds, as, for example, studied by Chatt, Dewar and others 
(18, 21) on platinous, silver, and other ion complexes, including the metals 
at the end of the transition series in the periodic groups Ib, IIb, and VIII. 
Dewar visualizes « — 7 complex bonds in which the z electrons of the olefin 
overlap with the empty s orbital, or the dsp hybrid orbitals, of the metal 
while the d-electrons of the latter overlap with the antibonding 1-orbitals 
of the olefin. The reactivity of these compounds depends on the presence of 
other electronegative groups. Generally, the complexes are moderately 
stable, and no catalytic activity has, as yet, been observed. 

Alkali metals which can participate in o-type bonds only, form loose 
complexes with olefins, in line with the more recent concepts of proton or 
Brt addition to olefins, which postulate fast complex formation with the 
r-electrons followed by slow proton addition and carbonium ion formation 


(22): 
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The adsorption of dienes on metallic surfaces should follow this pattern, 
whereby electron separation of atomic lithium will lead to metallation and 
to the formation of small amounts of lithium alkyl which in turn may act 
as the catalytically effective compound. A possible course of reaction is 
indicated below: 


Lik 
Li—CH,—_CH——CH=CH, = li- = ln—CH;— CH—CH aC His uimiiae, 
+ 


Li—CH,—_CH=CH—CH2—Li 


There is, however, a difficulty pertaining to this scheme, in that Grignard 
reagents, which are known to complex readily with olefins, lead in their 
reactions mostly to c7s-compounds, whereas Li-alkyls, as lesser complexing 
agents, lead to a higher ratio of 1-2 addition (23)!. Since Coral rubber is an 
all-cis, 1-4 polymer, one should not expect ordinary, free Li-alkyls to be the 
catalytic agent. It is not implausible, though, that the conditions for cis- 
complexing are improved by the adsorption of both, the Li-alkyl and the 
olefin (I); alternatively, in view of the adsorption of the olefin, Li-alkyl 
may not even be required as intermediary, but complexing might take place 
directly at surface steps, or corners, of the metal lattice, II: 
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It should be remarked that if adsorption is less locally specific, but strong 
and unspecific, dense surface packing will favor all-trans configurations of 
the adsorbed molecules. In such an almost crystalline surface layer, Lit—Li- 


initiation should lead to an all-trans, 1-4 polymer, and Li-alkyl initiation 
would produce an all 1-2 polymer. 


‘In his lecture before the Chemical Society, London, December 15, 1955, L. E. 
Orgel, Cambridge, postulated ferrocene type complexes of cyclo hutatiene which in 
this case might be formulated as: 2Li + C,Hs @ (LiH).-C.Hy. 
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b. In the scheme above, the stereospecificity of the diolefin polymerization 
was restricted to the distinction between addition in cis- or trans- con- 
figuration by the energy difference between various forms of surface 
complexing or adsorption. In addition polymerization of racemic propylene 
oxide we are confronted with a stereospecific direction of approaching, 
optically active, monomers (24). 

In suggesting a mechanism, we refer first to the generally accepted view 
that the ring opening of propylene oxide by bases occurs rather specifically 
by Sy2 attach on the less substituted carbon, whereas ring opening by acids 
occurs in varying, but not very different, proportions on both carbon atoms. 
In agreement with this, the data of Huston et al. (23) show that propyl- 
ene oxide in ethyl alcohol catalyzed with sodium ethoxide produces 85 % 
of 2-hydroxy propyl ethyl ether (I), while in the acid polymerization 25 % of 
the same ether and 31% of 2-ethoxy n-propanol (II) were found. It will be 
seen that the basic attack on 1 carbon 

OH 


| 
O OKs CH—CH:—OEt 


CH,CH—CH, + EtOH Hg OFt 
Me | 


—>CH;CH—CH;—OH © (II) 


preserves the optical configuration of the central, *2 carbon, whereas in 
more than half the instances of acid attack, 1.e., those on the optically 
active carbon, the latter passes through a carbonium ion stage with conse- 
quent inversion. Moreover, lately, acid catalyzed epoxy ring opening with- 
out any inversion has been discussed (23). 

Price found in his very interesting studies of propylene oxide polymeriza- 
tion that solid KOH as catalyst produces crystalline, l-active polymer in 
high yield but of low molecular weight. This is readily understandable on the 
basis of the above scheme, as the optically active carbon will remain 
preserved, and as in the displacement by the alkoxy oxygen on the ¥1 
carbon the monomer units have only one path of approach. When ferric 
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chloride was employed as catalyst for 1-monomer, about the same ratio 
as reported above of optically active and of inactive polymer was produced. 
Ferric chloride and racemic monomer produced partly crystalline inactive, 
and partly amorphous polymer. 

According to Price, the catalyst contains basic sites consisting of ferric 
alkoxide which formed when the catalytic solution was prepared by pro- 
pylene oxide addition to the ferric chloride in ether whereby a subsequent 
turbidity and formation of precipitate were observed. 

These sites activate polymerization by a coordinating process of a character 
in between anionic and cationic attack, as also shown above. The 
directive effect is here postulated as emanating from the optically active 
carbon in the ferric alkoxide, which switches the configuration of the on- 
coming monomer while the central carbon ion becomes planar in the 
transition state. Additional catalyst sites of different nature are invoked, 
but not specified, as being responsible for random, or racemizing, addition. 

It may be taken for granted, however, that the ferric chloride is never 
quite free of water or of hydrochloric acid. In this case the catalyst forma- 
tion may proceed as indicated by Overberger (25); this would help to ex- 
plain the absence of chloroform-soluble products in the catalyst, or of any 
chlorohydrin which should be found according to Price’s scheme. 
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The attack of the basic oxygen on the more substituted carbon, further, 
is not supported by ordinary experience; furthermore, it is difficult to see 
how the asymmetric carbon atom of the bound alkoxy group can influence 
the configuration of the attacked carbon atom, from which it is separated 
by two intervening atoms. In an alternative explanation of the partial 
stereospecificity exhibited by ferric chloride acting on racemic monomer, 
one might postulate fixation of a ferric chloride hydrate, or of a hydro- 
chloride, on a surface, followed by the coordination of two propylene oxide 


VINYL TYPE POLYMERIZATION AT SOLID SURFACES 759 


molecules to Fe*+ ion, satisfying the coordination number six. This 
complex, too, should be insoluble in ether because of the displacement. of 
solvating ether molecules. The driving forces of the polymerization reaction 
will then be the addition of the unprotonated to the protonated of the two 
coordinated propylene oxide molecules—a process which simultaneously 
vacates a coordination site for a new molecule to be complexed. This 
typical Sy2 attack is 
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preceded by proton transfer from the water to the oxygen of the attacked 
monomer, and therefore is again subject to the two alternative routes 
discussed above. The attack on carbon * 2 will lead to a planar carbon in 
the transition state and is, therefore, capable of rearranging the monomer 
to that of configuration which, on joining of the bond, will give the lowest 
configuration energy. Attack on carbon *¥1 will preserve the configuration 
of the new monomer and thus fail to influence it. 

Accordingly, there would be only one type of site, and the differences in 
addition are attributed to the known ambiguity of the proton-initiated 
attack. The stereospecific direction occurs during the racemizing path and 
the directive influence does not stem, or stems only partly, from the distant 
active carbon, but is due to adsorption, coordination, and inversion of the 
new monomer, cooperating so as to bring it into a position and configuration 
equivalent to that taken up by the incumbent alkoxy groups. Since these are 
alternating approaches and positions in the complex, a syndyotactie struc- 
ture is more likely than isotactic blocks. 

c. Turning to catalysts of the Ziegler type, we have an inert solvent, a 
metal chloride, an aluminum alkyl, or a Friedel-Crafts’ catalyst, and the 
olefinic monomer. In order to appreciate the parts played by these constit- 
uents, the following facts have to be borne in mind. 

The aluminum halides and alkyls, and also many other metal halides and 
alkyls, occur as dimers since their coordination numbers are, as a rule, larger 
than the number of their valencies. In aluminum alkyls in particular, where 
the valency is 3 and the coordination number 4, the dimerization tendency 
of the lower alkyls is very strong, even in the vapor phase. Only in electron- 
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donating solvents does one find the monomers, and such solvents cannot be 
used for polymerization. The dimerization is strongest for the tri-methyl 
aluminum and falls off to the tri-pentyl aluminum, since there the volume 
of the three substituents has become so large as to exclude occupancy of the 
fourth coordination site. 
The structure of most of these dimers, and especially of ALX; and AIRzs, is 
R we 


Laas 
the so-called bridge structure: R2Al AlR». The halides can be assigned 


R 
+ 
»,€ 


partially polar bonds X2Al AIX», but the alkyls require electron- 
we 


+ 

deficient bonds or central 3-center orbitals (26). Mixed alky] halides should, 
therefore be more stable than the pure alkyls and, in general, all com- 
pounds tend to become monomeric by expanding, as Lewis acids, their 
electron shells. It is the strong tendency of these aluminum alkyls to form 
more stable compounds which represent the driving force of their reducing 
power. 

We might, therefore, expect the reaction between the aluminum alkyl and_ || 
the titanium tetrachloride to proceed by a number of routes written below _ || 
summarily: 


AleRe + TiCl, > AleClRs + TiClRe 
TiCleRe + TiCl, > 2TiC];R 


According to this scheme, the dimers of aluminum chloroalkyls would be 
produced by exchange reactions under simultaneous formation of titanium 
chloroalkyls. The latter compounds are rather unstable and decompose to if 
insoluble titanium chlorides (which form dark suspensions) and dimerized_ |} 
alkyls. I} 

The structures of titanium chloride, ferric chloride, and, in fact, of most 
of the chlorides of the transition elements and even of tin and lead, have 
many features in common. All these chlorides form close-packed layer 
lattices either of the cubic, or of the hexagonal, type. TiCl; and TiCl, are 
typical in possessing the CdI» structure in which the titanium ions lie in | 
hexagonally packed planes and are surrounded by six chlorine ions, three | 
above and three below the plane. Every layer of Ti-ions thus is sandwiched 
between two outer layers of chlorine ions which face each other from sand- 
wich to sandwich. The difference between TiCl. and TiCl; consists 
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merely in the fact that in the lattice of the latter every one out of three 
titanium ions is missing, and the same is true for the ferrous and ferric 
chlorides and many others. In view of the symmetry of the crystal structure 
one has to assume that the unshared valence electrons of the reduced ti- 
tanium are symmetrically distributed, forming an s shell around the Ti2+ 
with a certain amount of bonding between these ions. The Ti+ may form 
bonds between two ions which uncouple approximately at room tempera- 
ture, as seen by a strong increase of the magnetic susceptibility of TiCl; at 
300°K (27). Thus, titanium ions do not readily occur in any crystal surface 
except at faults. Further, the exterior chlorine ion layers will be distin- 
guished by the covalent bonding that they can exert with respect to similar 
chlorine compounds; they will further have a strong electron-donating, 
basic, character in that, apart from the completed electron octet of Cha 
the reduced titanium ions beneath can also act as ready electron suppliers. 

It is, then, safe to assume that in an inert solvent the surface of a dis- 
persed, solid, titanium chloride will be able to act as a multi-base on which 
dimeric aluminum chloroalkyls will dissociate and become adsorbed as 
monomers. After some progress of the reaction between TiCl, and AIRs, the 
catalyst will thus consist of titanium chloride crystals of small dimen- 
sions with adsorbed layers of aluminum chloroalkyl, titanium chloroalkyl, 
and of some other odd ions or radicals. Obviously the composition of this 
catalyst can be widely varied by changing the molar ratio of TiCl, and 
AIR, but while the effectiveness of the catalyst increases and eventually 
levels off with decreasing this ratio, its mode of functioning is aimost 
independent of composition (28). Finally, the same catalyst can be produced 
by dispersing TiCl; and AICIR» directly. Poorer catalysts result from 
combining other valence states of titanium and higher aluminum chloro- 
alkyls. Halogens other than chlorine are also effective, though less so, and 
the same is true for other titanium salts, and even titanates and the salts 
of a number of transition metals (11, 28). The main property required of the 
catalyst seems to be that it consists of a dispersed reduced metal compound 
with basic surface properties and adsorbed acid sites. The relative base- 
acid strength of this pair, also expressable as a redox potential, seems to be 
very important for the specific olefin to be polymerized. 

Adding olefins to the catalyst solution, it is hardly conceivable that 
molecules of olefinic electron structure become extensively adsorbed on 
such electron-rich surfaces as those of titanium chloride. Trivalent ti- 
tanium chloroalkyls should be adsorbed as dimers. Ti‘t-compounds, which 
act as Lewis acids, should be very weakly adsorbed because of their solu- 
bility. Consequently, it seems more likely that the best catalytic surface 
sites are provided by adsorbed aluminum chloroalkyls. 

The complexing of the latter with the monomer may proceed either by a 
competing action for the Lewis acid between surface and olefin or by the 
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olefin’s becoming complexes by the polarized aluminum-carbon bond. 
In both cases the olefin molecule will become itself polarized as shown dia- 
grammatically below and may eventually be able to interpose itself between 
the aluminum and one of its alkyls by the mechanism of polarized bond 
polymerization as suggested by Price (29). The fact that the rate of poly- 
merization depends linearly on the olefin concentration is also a sign that 
the propagation step is not based on a densely adsorbed layer of olefin 
but rather proceeds from individual centers. Natta (30) is inclined to con- 
sider the polymerization as initiated by carbanions of adsorbed metallo 
organic compounds but as the adsorption process certainly occurs first, 
it is probably more appropriate to speak of a polar, coordinate polymeriza- 
tion as envisaged in the polar bond mechanism. The termination step occurs 
probably by hydrogen or hydride ion transfer from the alkyl to the olefin 
or metal ion and electron switch from the aluminum alkyl bond and forma- 
tion of a new bond between the monomer and the aluminum. One should, 
therefore, expect the polymer molecules to be terminated on one end by a 
double bond, and at the other by the original alkyl or aryl group on the 
aluminum. Evidence for this, including chain transfer, has been produced 
by Natta (31). 
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In the picture developed so far an attempt has been made to explain the 
catalytic enhancement of the reaction at low pressures and temperatures by 
postulating transition state complexes of presumed low energy. To explain 
stereospecific direction we may again assume that the adsorbed aluminum 
or titanium alkyl will occur primarily in a specific position of lowest energy 
of adsorption, say, for instance, with the chlorine atoms closest to the 
surface, and the alkyl group being restricted in its rotation, The new mono- 
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mer in the initial stages of becoming coordinated will have rotational 
freedom. When reaction occurs it will be steered into the azimuthal position 
of the lowest energy with respect to rotation around the forming bond. In 
the case of asymmetrical monomers this will be the gauche position with 
respect to the fixed alkyl. The stereospecific direction thus arises from the 
adsorbed state of the growing chain end and should be enhanced by the 
vicinity of the surface which will assist in reducing the rotational freedom 
of the adding monomer. Apparently, different surface sites will encourage 
different positions of adsorption of the alkyl group and different routes of 
access for the new monomer, thus affording a qualitative picture of the 
formation of the regular forms of the polymer chains and, in case of adsorp- 
tion which allows rotation on the alkyl groups, of irregular chains. 

The above mechanism has been described in detail not yet justified, in 
order to indicate in which direction explanations might be sought on the 
basis of present-day direct or indirect evidence. The situation is presumably 
much more complex, as seen by the rapidly increasing number of reports 
of stereospecific polymerizations by means of rather diverse catalysts. The 
titanium chloride-aluminum alkyl system was singled out because the 
chemistry of its components is rather well investigated, and because it 
seems to produce a particularly efficient catalyst. As has been mentioned, 
though, even in this system rather different reaction routes may eventually 
be established. It is for instance not impossible that the titanium chloride 
may react with traces of water or acid and thus produce a Lewis acid-co- 
catalyst system of the type known to be effective in cationic polymeriza- 
tion. Schildknecht’s vinyl ether polymerization appears to be a case 
of ionic polymerization in a condensed film on a liquid-liquid (BF».-ether: 
solvent) interface. There are other possibilities that cannot be excluded, 
e.g., that in the presence of a strong reducing agent such as a hydride, 
besides a reducible metal salt, metal alkyl compounds may be formed with 
monomer, thus obviating the necessity of their addition. Finally, it may be 
possible that adsorption layers of very complex structure may permit 
dense adsorption of olefins and thus polymerization mechanisms similar to 
that described under (a) for the lithium polymerization of di-olefins. Alfin 
catalysts seem to belong to this category. 

d. Mentioning briefly the Phillips catalyst, of heat-activated chromium 
oxide on a silica support, we believe the catalytic process to be of a rather 
different nature. It is true that the oxygen atoms will again provide basic 
surface sites. In this case, however, the chromium ions present possess 
an unfilled d-shell which is generally accredited as effecting catalytic proc- 
esses by loosening bond electrons and drawing them into the adsorbing 
surface (32). The nature of the chromium oxide is not known to us, but 
presumably is of either the spinel type, O?- ions arranged in cubic close 
packing and forming tetrahedral holes or the ReO; structure, which is 
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cubic close-packed with the metal ion forming the corners and with the | 
anions in the centers of the edges. Consequently, the chromium atoms will | 
be much more accessible at the surface than the reduced ions in the layer | 
structures. Electrons may then be donated to the catalyst in order to be | 
returned whenever this can occur under promoting a polymerization step |) 
and with the consequent lowering of the energy of the system as a whole. 
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The surface thus acts like a Lewis acid, i.e., like the adsorbed complexes on _ | 
the Ziegler catalyst surface, and should have primary affinity for olefins. | 
Again adsorption and minimizing of rotational energy will exert stereospeci- 
fic direction. On the other hand, the supported oxide catalysts of the Stand- 
ard Oil Co. of Indiana have to be reduced and require reducing agents as 
activators for best efficiency (33), and therefore seem to play the part of. 
the reduced metal halide surfaces. 


V. CoNcLUSIONS 


The so-called stereo-specific high polymer syntheses reported during the 
past few years, and their relation to heterogeneous catalysis, are briefly 
discussed. The likely courses of reactions during the formation of all-cis 
polybutadiene, of crystalline polypropylene oxide, and of the poly a-olefins 
during Ziegler type syntheses are analyzed in detail. 

Reviewing the reaction mechanisms suggested, as well as those by the | 
authors quoted, the inadequacy of the schemes to take care of many jj 
observations and details is fully recognized. In their present form these || 
mechanisms will certainly require much revision in the light of the future, 
yet we believe it will be seen that a certain common pattern is apparent jf 
even now, the essential features of which permit the formulation of a | 
distinct THeGeaLIen of catalysis. 

Dividing this mechanism into two parts, i.e. acceleration and direction _ 
of reaction, the primary basis for the acceleration appears to be the coordi- | 
nation or complexing of the reactants to the same, or an adjacent, center. 
This increases the probability of suitable ponieura tions prior to the transi- 
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tion state and thus lowers the entropy, and possibly also the energy, of the 
latter; the coordinating center participates also in the reaction by attract- 
ing electrons from the reactants and returning them to the product under 
a minimum of rearrangements of atoms. The activation process becomes 
thereby subdivided into several steps, each with much lower activation 
energy than that of the reaction as a whole. It is true that such processes 
have been postulated before in explanations of catalyses but this appears 
to be a new combination of “cage effect” and electron transfer through a 
temporary acceptor. 

For the steering part of the mechanism, it seems to be essential that the 
reactive complex is situated on a surface so that one of the reactants is 
fixed with regard to its internal, rotational, degrees of freedom. The mole- 
cule to be added may then lose its energy to the surface, on its path from 
the transition to the final state, and may drop into a definite position of 
lowest energy with respect to the other reactant and the surface. (This can 
be symbolized by the stacking of tripods which can be placed on each other 
in any rotational position when standing, but only in 3 distinct ways 120° 
apart when stacked lying sideways on a plane). This is quite different from 
the picture developed for some enzymatic or replica syntheses. 

Among other features strongly suggested we mention the additional 
mechanism by which a polymerizable molecule becomes inserted into an 
existing bond, between the previously linked atoms. This is allied to 
ester, amide or silicon exchange reactions or even ion exchanges, and, as a 
double displacement reaction, requires a fairly polar bond. The catalysis of 
this insertion is tied to a site; consequently, one of the bond partners must 
be mobile tangentially along the surface, and the growth proceeds like that 
of a hair from a feeding root. 

Finally, it seems required that the coordinating electron acceptor be 
tied to a electron donating substrate. Whether the donating quality is only 
needed to hold the coordination center, or is essential in the mechanism of 
catalysis, cannot be surmised yet, although the latter alternative is likely. 
There can be little doubt though that the elevated position of the coordinat- 
ing center, lying on top of a crystal plane, will help in the complex forma- 


tion. 
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BOOK REVIEW 


Principles and Problems in Energetics. By J. N. Broénstep. Translated from 
Danish by R. P. Bell. Interscience Publishers, Inc., New York, 1955. 119 pp. Price 
$3.50. 

Lewis and Randall, in the preface to their classical book Thermodynamics, com- 
pare some domains of science, e.g., thermodynamics, with ancient cathedrals, in- 
spiring solemity and awe. That awe might be the reason why for a long time critical 
scrutiny of its foundation and its presentation in textbooks was scarce. The text- 
books mostly used when I was a young student did not present the matter in a very 
clear way and consequently thermodynamics was generally considered to be rather 
hard stuff. The notations of Lewis and Randall were a great boon which made the 
presentation of thermodynamics incomparably clearer than before. 

However, the first clear presentation of its foundations I found in an article by 
Landé in the Handbuch der Physik, where he gave an account of Caratheodory’s 
work. But how far from experimental work was this mathematical treatise. Later, 
when I became a professor, I could not use this presentation for my students, who 
had a very limited mathematical training. But I happened to read Sadi Carnot’s 
little pamphlet from 1824 and Ostwald’s remark to it, that Carnot’s term “calorique” 
should be translated by ‘‘entropy’’ and not ‘‘heat,’’ whereas ‘‘chaleur’’ should be 
rendered as ‘“‘heat.’’ I felt at once that chemical thermodynamics would be much 
easier to understand if one started with entropy as the fundamental thermal concept 
and not heat, and so I taught my students. 

Glad was I when I found that Professor Brgnsted at that time had written some 
papers on the foundations of thermodynamics along similar lines, but departing much 
more radically from the conventional presentation. Regrettably most of these papers 
were published in Danish in a journal with limited circulation. It is therefore to be 
welcomed that Dr. R. P. Bell, who is a master of that language since he many years 
ago worked in Brgnsted’s laboratory, has translated his last monograph on the mat- 
ter, written only one year before the author’s death in 1947. 

I think a good deal of the difficulties in chemical thermodynamics arise from 
the fact that thermodynamics started as steam engine theory, and too much of that 
approach was taken over by the chemists, who at that time were not able to grasp 
J. Willard Gibbs’ rather abstract presentation, although it became accessible also 
to European chemists at large through Ostwald’s German translation. 

Brgnsted starts with an overhaul of the work concept and states his work prin- 
ciple, corresponding to the classical First Law; 


DoA = D(Pi — P2)bkK = 0, 


where the several terms are called work, even in the case of P = temperature and 
K = entropy. Only reversible processes are discussed at the first moment. Of course 
some people might be annoyed by the extension of the work concept; it is the same 
thing as when Brgnsted many years earlier redefined acids and bases as proton 
donors and proton acceptors. 

He then proceeds to the temperature concept. From reversible processes only 
differences of absolute temperature can be defined, but no absolute zero. When a 
thermal reservoir changes its temperature our attention should be directed to its 
simultaneous change in entropy content rather than the heat involved. Whereas 
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the entropy is defined as a function that is constant in a system in which only re- 
versible processes are going on, this function turns out to increase in the case of ir- 
reversible processes. Brgnsted’s approach to the problem is compared with that of 
Planck, Caratheodory, and Born. 

The transport of heat by conduction is regarded as a transport of en- 
tropy coupled, not with another sort of work, as in a reversible process, but with a 
production of entropy. The corresponding amount of heat 7'dS makes the total heat 
arriving at the colder reservoir equal the heat leaving the warmer one. 

It is the comparison of an amount of entropy produced in an irreversible process 
and the corresponding amount of heat that makes it possible to define an absolute 
zero of temperature as Caratheodory first stressed. I should like to remark that the 
irreversibility does not matter, but the production does. There exists in energetics 
another quantity that in contrast to entropy can both be produced and annihilated, 
viz., a liquid surface. Accordingly it is possible to define an absolute zero for sur- 
face tension. But the zero pressure in a cold vacuum is conventional and not ab- 
solute in the same sense as zero temperature and surface tension; it is possible to 
obtain negative pressures in liquids. Chemical substances can also be produced, 
but only simultaneous with the annihilation of others, and hence chemical poten- 
tials have no absolute zero. 

The book concludes with a discussion of thermoelectric and electrochemical 
phenomena. It was written before much of the modern thermodynamics of irre- 
versible phenomena had been developed, so there is no connection with the work of 
Onsager, de Groot and Prigogine. 

This book and the papers by Brgnsted and by LaMer referred to in the foreword 
and the Introduction should be of great interest to all teachers of thermodynamics. 
Authors of physicochemical textbooks are legion. Their presentation of these mat- 
ters would certainly be improved if they studied Brgnsted’s points of view. 

Arne OnanpeEr, University of Stockholm, Sweden 
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